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Title : Supercritical fluids synthesis of BaTiO3 based nanoparticles: study of the particles 
growth mechanisms, powder processing and ferroelectric properties 
Abstract : In a context where the electronic is at the center of our society, the production of 
more compact and multifunctional devices focuses the research efforts. To answer to the 
expectations, one option is to improve the volume efficiency of passive components such as 
capacitors using dielectric nanoparticles such as BaTiO3. First, the objective is to optimize the 
synthesis of BaTiO3 nanoparticles and understand their formation in supercritical fluids. To 
do this, we combined conventional ex situ analyses such as X-ray diffraction, electronic 
microscopy, infrared and Raman spectroscopies with in situ synchrotron wide angle X-ray 
scattering analyses. This was then transferred to the development of Ba1-xSrxTiO3 (0 ≤ x ≤ 1) 
and BaTi1-yZryO3 (0 ≤ y ≤ 1) solid solutions. Once the syntheses were optimized, using spark 
plasma sintering (SPS), we processed the powders into dense and nanostructured ceramics 
keeping the starting particles size (20 nm), to study the materials intrinsic properties at the 
nanoscale. Finally, knowing the nanoparticles properties, we could start to develop hybrid 
dielectric materials for flexible electronics. 
Keywords : Dielectric, supercritical fluids, BaTiO3, nanostructures ceramics, hybrids. 
 
Titel: Synthese von BaTiO3 basierten Nanopartikeln mittels superkritischer Fluide: 
Untersuchung des Wachstumsmechanismus, der Puderherstellung und der 
ferroelektrischen Eigenschaften 
Abstract: Im Zusammenhang mit unserer elektronisch geprägten Gesellschaft rückt die 
Produktion von kompakteren und multifunktionelleren Bauelementen immer mehr in den 
Fokus der Forschung. Eine Möglichkeit, um den Anforderungen gerecht werden zu können, 
ist eine Optimierung der Volumeneffizienz passiver Bauelemente (z.B. Kondensatoren) durch 
den Einsatz von Nanopartikeln wie z.B. BaTiO3. Zunächst ist es das Ziel, die Synthese von 
BaTiO3 Nanopartikeln zu optimieren und deren Bildung in Superkritischen Fluiden zu 
verstehen. Dafür werden konventionelle ex situ Analysen wie die Röntgenstrahlbeugung, 
Elektronenmikroskopie, Infrarot- und Ramanspektroskopie mit der in situ Analyse durch 
Synchrotron-Weitwinkel-Röntgenbeugung kombiniert. Das daraus gewonnene Wissen wird 
anschließend auf die Entwicklung von Ba1-xSrxTiO3 (0 ≤ x ≤ 1) und BaTi1-yO3 (0 ≤ y ≤ 1) 
Mischkristalle übertragen. Nach Optimierung der Synthese durch den Einsatz von Spark 
Plasma Sintern (SPS) wurden die Puder unter Beibehaltung einer Anfangskorngröße von (20 
nm) zu dichten und nanostrukturierten Keramiken verarbeitet, um die intrinsischen 
Materialeigenschaften auf der Nanoskala zu untersuchen. Bei bekannten Eigenschaften der 
Nanopartikel kann mit der Entwicklung von dielektrischen Hybridmaterialen für flexible 
Elektronik begonnen werden. 
Keywords: Dielektrisch, Superkritische Fluide, BaTiO3, keramische Nanostrukturen, Hybride 
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This PhD thesis is registered in the framework of the International Doctoral School in Functional Materials 
(IDS-FunMat) which is a program funded by the European Union. Such PhD is carried out between two 
universities from different countries and an industrial partner. This work which, is a first step towards 
hybrid technology, was achieved through collaborations between Bordeaux University (France), Technische 
Universität Darmstadt (Germany) and Polyrise which is a startup company specialized in hybrids materials. 
Nowadays, the industry, which always pushes away boundaries in terms of device size, performance, 
functionalities and reliability, expects more and more the use of low cost and high quality components, 
especially ferroelectric ones for microelectronic and communication devices. As illustration, multi-layer 
ceramic capacitors (MLCCs) have undergone a remarkable size reduction over the last 30 years. To be able 
to achieve high capacitance in a smaller volume (increase of the volumetric efficiency), the dielectric layers 
thickness has to be reduced while increasing their number. Now, the thickness of a dielectric layer ranges 
from 2.0 down to 0.8 m and the grain size within each layer should become less than 100 nm [1–6]. 
However, this size diminution has a direct impact on the materials dielectric properties. That is why it is 
now critical to produce well crystallized particles with a narrow size distribution in order to control the 
permittivity and reduce the creation of defects during the processing and integration of these powders into 
electronic devices [7]. 
Based on the mentioned challenges, the following PhD thesis presents a study concerning the synthesis and 
characterization of ferroelectric nanomaterials such as barium titanate based ones. For decades, the high 
potential of these materials in terms of industrial applications has been dragging intensive researches in 
order to better understand and improve their properties. In addition to be lead free, barium titanate based 
materials show very interesting ferroelectric, piezoelectric, pyroelectric and dielectric properties. These 
strengths make them usable for information and communication technologies, especially in common 
microelectronic devices like capacitors, dynamic random access memories, sensors and waveguides [8–11]. 
Currently there are three main synthesis routes to produce such materials: the solid-state, the sol-gel and 
the hydrothermal ones. Nevertheless, in the context of such size down scaling, these conventional 
synthesis routes reach their limits in terms of material characteristics and production costs or time, 
triggering the development of alternative processes. A promising approach is the synthesis of ferroelectric 
nanopowders using supercritical fluids. This scalable technology enables a single step synthesis of high 
quality monocrystalline particles at moderate temperatures (<400°C) and in tens of seconds fitting with the 
environmental expectations. 
The two main challenges to be faced in this PhD thesis can be defined as following: 
Introduction 
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 The supercritical fluid synthesis enabling to fulfill the industrial expectations in terms of 
nanomaterials quality, the first goal is to improve the understanding of the BaTiO3 based nanoparticles 
formation, in such conditions, for a better control. To do that we combined conventional ex situ analyses 
like X-ray diffraction, electronic microscopy and different types of spectroscopy with in situ synchrotron 
powder X-ray diffraction ones. This is first done on BaTiO3 nanoparticles and then extended to the solid 
solutions Ba1-xSrxTiO3 (with 0 ≤ x ≤ 1 - BST) and BaTi1-yZryO3 (with 0 ≤ y ≤ 1 - BTZ). 
 The size reduction for these materials affecting their ferroelectric behavior, the second goal is to 
process them into dense and nanostructured ceramics keeping the starting grains size using fast sintering 
methods, such as the spark plasma sintering (SPS) one. This will enable us to characterize their intrinsic 
ferroelectric properties at the nanoscale to (1) improve basic knowledge on the size effect and (2) evaluate 
their potential applications in electronic, and especially for capacitors. Finally, in the specific case of 
embedded capacitors, the processing of bulk ceramics being challenging, the discussion will be open to the 
development and characterization of hybrids composites which are easier to process. In our case we looked 
at BaTiO3 particles produced in supercritical fluids and dispersed into a polymeric matrix. 
The first chapter of this manuscript will enable to define the context of the study. It will start with an 
introduction to the capacitor technology: its history, principle, interests and challenges in modern 
technology. Then, the ferroelectricity being the key property in such devices, a presentation of its origin, 
principle and tunability will be done using the example of BaTiO3, which is the most used material for this 
type of application. This will be followed with a description of the most well-known synthesis routes with 
their advantages and limitations in terms of expected materials characteristics (size, size distribution, 
composition, homogeneity, etc.) and cost. Finally the supercritical fluid technology principle, interests and 
field of applications will be developed and presented as a potential alternative to the conventional 
synthesis routes, especially with the example of BaTiO3 based nanoparticles synthesis (BST and BTZ) and 
characterizations. 
The second chapter will consist in a presentation of the methods used to synthesize, characterize and 
process barium titanate based nanoparticles. It will first describe the supercritical fluid flow reactor used 
and the key parameters to control the synthesis. This will be associated with ex situ techniques used to 
characterize the powders in terms of size, homogeneity, crystallinity and purity. This will be followed with a 
presentation of the apparatus used to make in situ synchrotron powder X-ray diffraction analyses to 
monitor the particles growth in supercritical fluid conditions. The last part will deal with a presentation of 
the technologies used to process the powders into ceramics or composite and how do we perform their 
ferroelectric characterizations. 
Introduction 
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The third chapter will present the supercritical fluid synthesis of barium titanate based nanoparticles and its 
solid solutions; Ba1-xSrxTiO3 with 0 ≤ x ≤ 1 (BST) and BaTi1-yZryO3 with 0 ≤ y ≤ 1 (BTZ). In each cases, a 
combination of ex situ analyses such as the Fourier transform infrared spectroscopy (FTIR), Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and high resolution 
transmission electron microscopy (HRTEM) with in situ synchrotron wide angle X-ray scattering (WAXS) will 
be done. This will first enable (1) to deeply characterize the materials in terms of internal structure, 
morphology, size and size distribution, crystallinity and surface properties and (2) to understand the 
formation mechanisms of these particles in supercritical fluids. 
The fourth and last chapter will start with the processing of BST nanoparticles into dense and 
nanostructured ceramics using spark plasma sintering (SPS) with the specific case of Ba0.6Sr0.4TiO3 
nanoparticles. The material size effect onto its intrinsic ferroelectric properties will be studied and 
discussed with other published works. In the meantime, a study of the SPS processing effects onto the 
material structure and the consequences on its ferroelectric properties will be also investigated. In the case 
of the BTZ solid solution, the properties going from ferroelectric to relaxor according to the composition, 
another section will concern the processing of these particles, at different compositions, into ceramics and 
their characterizations. This will allow us demonstrating the accuracy of the synthesis route through the 
variation of the BTZ intrinsic properties with the composition as reported in the literature. Finally, an 
opening section concerning hybrid materials and more precisely the dispersion of barium titanate 
nanoparticles into a polymeric matrices will be presented. It will consist in the development and validation 
of a method for the characterization of such composites in order to, later on, be able to classify the best 
ones prior their integration as embedded capacitors in printed circuits boards (PCBs). 
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I.1 Electronic and passive components: the case of capacitors 
I.1.1 Challenges 
As presented in Figure I-1, we can see that most of the components on a printed circuit board (PCB) 
are passives. They represent up to 80% of the total components quantity and occupy around 40 % of 
the surface, which limits a further size reduction of the electronic devices [12]. 
 
Figure I-1. Illustration of the number of passive components and their density on a printed circuit board (PCB). 
It is thus necessary to improve the passives volumetric efficiency which will also enable to use more 
of them and make faster, more complex, power efficient and compact portable devices. However 
the industry reaches a point where they encounter more and more problems to further decrease the 
components size while keeping their efficiency [13,14]. 
In order to answer to the down scaling challenges we are going to focus on the capacitor case which 
is the most used passive in electronic, and especially on two of its most promising configurations: (1) 
the multi-layer ceramic capacitors (MLCCs) which are already well known but facing issues getting 
smaller and (2) the promising case of embedded capacitors, and more precisely the hybrids (ceramic 
/ polymer) ones which not only enable the device miniaturization but also open the new market of 
flexible electronics. 
I.1.2 History of capacitors 
The history of capacitors starts in 1745 when the German Ewald Georg von Kleist (Germany) 
evidenced for the first time that is was possible to store and release charges at will with the so-called 
Leyden jar experiment. In this experiment he partially filled a glass jar with water and connected the 
fluid to a generator using a conductive wire (electrode) in order to load the setup. Once the loading 
was achieved, he disconnected the generator and, holding the jar in one hand, he touched the 
electrode as presented in Figure I-2 [15]. 
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Figure I-2. First Illustration of a Leyden Jar experiment [15]. 
This resulted in a so painful discharge of the device through his body that he said he “would not take 
a second shock for the kingdom of France”. Even though von Kleist was the first, at his expense, to 
observe this phenomena, the experiment was called the Leyden jar because, independently to von 
Kleist’s study, Pieter van Musschenbroek from the University of Leyden (Netherlands) did a similar 
experiment one year later and reported it clearly enough to be mimicked by other scientists [16]. 
Later on, in the 19th century, Benjamin Faraday investigated again this device. He was able to bring a 
major contribution proving that the charges were not stored in water, as it was supposed, but in the 
glass jar. Indeed, he managed to observe the same phenomenon putting a glass sheet in between 
two electrodes. From this experiment he introduced the notion of dielectric constant within 
materials. His work on the capacitor technology was awarded giving his name to the unit for 
capacitance. However, as presented in Figure I-3, from the discovery of the phenomena in 1745 by 
von Kleist up to the early 20th century, the capacitors evolution was quite slow. It is only in the 
1920s, with the radio technology, that the evolution of such devices really took off through the 
elaboration of new designs. Thanks to these developments, capacitors became an essential 
component in the evolution of modern technologies. Nowadays, this type of component is one of 
the most used in electronics [14]. 
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Figure I-3. Development of the capacitors technology with years [14] Copyright © 2010, IEEE. 
I.1.3 Principle 
Many types of capacitors are available in the market, but their operating principle remains simple 
(Figure I-4). 
 
Figure I-4. Operating principle of a capacitor. 
A capacitor is made of two parallel conductive plates (electrodes) separated with a nonconductive 
material called dielectric. When a voltage is applied between the electrodes an electric field appears 
inside the dielectric material which is going to store the electric energy which can then be realized. 
This operating principle enables to store, filter and regulate electrical energy into the electronic 
circuit. 
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In such devices, the ratio of the electrodes charge Q (in coulombs, C) over the voltage V (in volts V) 
across the capacitor is called the capacitance C (in Farads, F), see equation (1). 
𝐶 =  
𝑄
𝑉
 (1) 
This represents the capacity to “hold” the charges for a given applied voltage. It is important to note 
that one Farad is a very large unit that is why, typically, the capacitance values are in the range from 
μF to pF. This value directly depends on to the nature of the dielectric material between the 
electrodes. 
A good dielectric material is defined by the presence of localized charges which can be poled 
applying an external voltage enabling the charges storage. This polarizability is defined with the 
relative permittivity Ɛr which is the ability of a material to 
develop a polarization applying an electric field. In addition to be dependent of the materials 
intrinsic properties, the capacitance value can change according to the geometry of the electrodes 
used to measure it. The equation (2) presents the simplified formula to determine it: 
𝐶 =  
Ɛ. 𝑆 
𝑒
 (2) 
Where S is the surface of the electrodes (in m2), e is the thickness of the dielectric in between the 
electrodes (in m) and Ɛ the dielectric permittivity (in F/m) which can be expressed as in equation (3): 
Ɛ =  Ɛ0 . Ɛ𝑟 (3) 
Where Ɛ0 = 8.854187.10
-12 F/m is the vacuum dielectric permittivity. 
Another critical aspect defining a good capacitor is the value of the dielectric losses expressed as tan 
. This represents the overall electric losses of the component in operating conditions. If these losses 
are too high, the resulting energy dissipation can then impact the performances of the entire device. 
The origins of these losses can be extrinsic and / or intrinsic to the dielectric material. First it 
depends on the components structure and defects, especially at the electrodes / dielectric material 
interfaces. Then, it is also directly related to the dielectric material itself through the ohmic losses 
which are intrinsic to the dielectric material itself. These losses can be divided into two 
contributions: (1) a stationary contribution related to the electronic resistance and (2) a dynamic one 
related to the energy loss during electronic charges and dipoles motion. Indeed, these dipoles and 
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charges present a frequency dependent inertia to react to an external electric field. This results in a 
phase shift of the response according to the applied voltage leading to a complex expression of the 
dielectric permittivity depending on the pulse (ω) of the applied electric field (equation (4)). 
Ɛ𝑟(𝜔) =  Ɛ
′(𝜔) +  𝑖Ɛ"(𝜔) (4) 
In this case the capacitor is no longer considered as ideal and we use the tangent of the phase shift 
angle (tan ) to define the associated loss (equation (5)). 
𝑡𝑎𝑛 𝛿 =
Ɛ"(𝜔)
Ɛ′(𝜔)
 (5) 
The objective is to have the highest (Ɛ) possible while keep the losses (tan δ) as low as possible. 
I.1.4 Multi-Layer Ceramic Capacitors (MLCCs) 
I.1.4.1 Market 
The development of MLCCs started in the 50s but it is only these last decades that it was considered 
as a huge breakthrough, meeting the expectations of the electronic industry to make more compact 
and power efficient devices [17]. Because the MLCCs cover a wide range of current capacitor 
applications (Figure I-5), in 2008, their manufacture represented around 90% of the total market in 
volume for only 40 % of its total value, making it the most used configuration of capacitor. 
 
Figure I-5. Types of capacitors capacity and their range of application [18]. 
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Knowing this and because hundreds of capacitors are required in the everyday life devices, such as 
cell phones, around 1.5 trillion of components were manufactured in 2009 and the volume 
production is predicted to exceed the Moore’s law for the coming years [19]. 
I.1.4.2 MLCCs Configuration 
As presented Figure I-6, a MLCC is made of a stack of several dielectric thin films intercalated with 
conductive layers acting as interdigitated electrodes connected at the opposite ends of the 
component with termination electrodes [19]. 
 
Figure I-6. Configuration of a MLCC [19] Copyright © 2010, IEEE. 
In such configuration, the combination of high dielectric thin films with their number and the large 
electrode surface area enables to produce components with a high dielectric efficiency compared to 
conventional one layer capacitors. As a consequence the expression of the capacitance described in 
equation (2) becomes equation (6): 
𝐶 = 𝑁 
Ɛ. 𝑆 
𝑒
 (7) 
Where N is the number of dielectric layers. 
I.1.4.3 MLCCs manufacturing 
Figure I-7 summarizes the different steps which are necessary in the fabrication of MLCCs. The first 
one consists in making a homogeneous dispersion of the dielectric ceramic powder mixing it with 
solvents and organics such as dispersant, binder and plasticizers. The ceramic slurry can then be tape 
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casted into thin and continuous films using doctor blade. This technique enables the formation of 
films with well-defined thicknesses. It works by placing a sharp blade at a fixed distance from the 
substrate to coat it. The dispersion is then placed in front of the blade, which is then moved linearly 
across the substrate, leaving a thin and wet film [20]. 
The thin film is then dried to make a flexible dielectric tape and electrodes are patterned on top of it 
using screen printing. This technique enables to make 2D patterning of the printed layers. A 
squeegee is used to fill a patterned screen with the electrode paste. The wet electrodes surface and 
thickness are defined by the design of the screen [20]. 
 
Figure I-7. MLCCs fabrication steps [19] Copyright © 2010, IEEE. 
The dielectric tapes with patterned electrodes are then stacked layer by layer and precisely aligned 
during the lamination. The next step is to cut the stack into individual MLCCs which are heat treated 
to burn out the binder and sintered to transform the dielectric tape and electrode paste into a dense 
structure. Finally, a metal termination is connected to the inner electrodes on opposite ends of the 
components and fired to consolidate the structure. Once the components validation tests are 
achieved they are ready to be integrated in PCBs. 
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I.1.4.4 Challenges 
To increase the volume efficiency of such structure it is necessary to increase the number of 
dielectric layers while decreasing their thickness. Nowadays MLCCs can have up to 1000 layers of a 
submicron thickness while becoming smaller and smaller. As an illustration, you can see in Figure I-8 
that MLCCs can now be even smaller than an automatic pencil of 500 μm having dielectric layers of 
500 nm thick. 
 
Figure I-8. Submicron layer of a MLCC. 
However, to reach such thickness it is necessary to use other deposition processes such as spin 
casting for the dielectric and physical vapor deposition for the electrodes. These technological issues 
are not the most challenging ones. To make such thin dielectric layers, or even thinner, the building 
blocks, which are the particles, have to be very small (tens of nanometers) and with a narrow size 
distribution to make homogeneous deposits (Figure I-9). 
 
Figure I-9. Illustration of the powder quality necessary to achieve a successful MLCC downscaling. 
If the quality of the powder is not good enough then the devices will present a lot of defects 
affecting their efficiency. In addition, the powder has to be monocrystalline to lower the quantity of 
defects at the grain boundaries and thus control the permittivity. The size effect on the dielectric 
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properties of the materials and the notion of critical size will be discussed later in this chapter. It is 
important to note that the co-sintering of dielectric with electrodes is a technological problem that 
industries also try to solve. 
In addition to the well-known MLCCs structure, a new type of capacitors has been focusing attention 
for few years: the embedded capacitors. 
I.1.5 Embedded capacitors 
I.1.5.1 Concept 
The concept of embedded capacitors is very different from the one of MLCCs. This type of structure 
has been studied for only few years and is far away from the MLCCs level of development. 
Nevertheless it remains a very promising alternative to make more compact devices embedding 
passives inside the PCBs substrates (Figure I-10). 
 
Figure I-10. Potential advantages in terms of size reduction with embedded passives [21] Copyright © 2008, 
Springer Science + Business Media. 
This strategy presents many advantages; of course there is the size reduction, but it can also enable 
a weight reduction and, the components being protected, an increase in reliability to improve the 
overall performances at a competitive cost [21,22]. 
I.1.5.2 Configuration of embedded capacitors 
As presented in Figure I-11 the configuration of an embedded capacitors remains similar to the basic 
principle of a capacitor where there is a dielectric material in between two electrodes. 
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Figure I-11. Illustration of an embedded capacitor configuration [23] Copyright © 2011, Elsevier. 
However, in this case, it consists in making a cavity inside the substrate, designing the bottom 
electrode, filling the cavity with the dielectric material, designing the top electrode and buried it 
with an additional layer of substrate. For this type of component, the main challenges concern the 
dielectric materials processing, deposition and interfaces adhesion with the substrate. The dielectric 
has to exhibit good intrinsic properties while being processable at low cost. That is why many efforts 
are devoted from the researchers to develop so called “high-k materials”, meeting the expectations 
in terms of performances, mechanical strength and processability. 
I.1.5.3 Development of the dielectric material 
This intensive work led to the development of three different types of materials with interesting 
potential: (1) ceramics, (2) ceramic / polymer composites and (3) conductive filler / polymer 
composites. 
I.1.5.3.1 Ceramics 
Similarly to conventional capacitors, it is possible to use only a ceramic as dielectric. As you can see 
in Figure I-12, the thin ceramic layer is directly embedded into the substrate. 
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Figure I-12. Illustration of an embedded ceramic resistor made by co firing of the dielectric and substrate [24] 
Copyright © 2007, Elsevier. 
The dielectric properties of such components are, by far the best. However, their processing cost 
makes them expensive. For example, it is necessary to sinter the material above 600°C making it 
unsuitable for a direct processing into low cost organic substrates. In addition, shrinkage due to the 
sintering can induce strain and adhesion issues between the ceramic and the substrate [24–26]. 
These aspects make this type of structure quite difficult and expensive to process: it is thus 
necessary to develop new types of dielectric materials easy to process, such as ceramic / polymer 
composites. 
I.1.5.3.2 Ceramic / polymer composites 
The idea of this type of dielectric is to combine the advantages of the ceramics in terms of dielectric 
properties with the processability of the polymer for a low cost integration. Table I-1 presents 
different types of composites existing with their properties. 
Table I-1. Examples of ceramic / polymer composites 
Materials 
Dielectric 
permittivity (Ɛ) 
Loss (tan δ) 
Filler size 
(nm) 
Loading 
(vol%) 
Ref 
BaTiO3/epoxy 40 (1 kHz) 0.035 100 - 200 60 [27] 
PZT/PVDF 50  20000 50 [28] 
Pb(Mg1/3Nb2/3)O3-
PbTiO3/P(VDF-TrFE) 
≈ 200 (10kHz) 0.1 (10 kHz) 500 50 [29] 
PMN-PT+BaTiO3/high-k 
epoxy 
≈ 150 (10 kHz)  900 / 50 85 [30] 
CaCu3Ti4O12/P(VDF–
TrFE) 
243 (1 kHz) 0.26 (1 kHz)  50 [31] 
BaTiO3/P(VDFHFP) 37 (1 kHz) < 0.07 (1 MHz) 30 - 50 50 [32] 
Ba0.55Sr0.45TiO3/cyclic 
olefin copolymer 
6 (1GHz) 0.0009 (1 GHz)  25 [33] 
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In this case the problem lies with the very low dielectric properties of the polymeric matrices. It is 
necessary to use a large volume fraction of inorganic filler making the composite more difficult to 
process and inhomogeneous in terms of particles dispersion [27–33]. Following the same idea of 
hybrids materials, it is also possible to use composites made of conductive fillers dispersed in a 
polymeric matrix to make composites with high dielectric permittivities.  
I.1.5.3.3 Conductive filler / polymer composites 
This is possible when filler loading comes close enough to the percolation threshold. As illustrated in 
Figure I-13 the percolation threshold appears when the loading is high enough to have particles in 
contact across the in dielectric layer, creating a conductive network, opening ways for charges to 
move between the electrodes, leading to short cut and component failure. 
 
Figure I-13. Illustration of the percolation theory [34]. 
This type of structure is called the “supercapacitor network”. It is interesting because the loading 
does not have to be as high as in the ceramic / polymer composite case. Table I-2 presents different 
types of composites existing with their properties. 
Table I-2. Examples of conductive filler / polymer composites 
Materials 
Dielectric 
permittivity (Ɛ) 
Loss (tan δ) 
Filler size 
(nm) 
Loading Ref 
Ni-BaTiO3/PVDF 300 (10 kHz) 0.5 (10kHz) 
Ni: 200 
BT: 1000 
Ni: 23 vol% 
BT: 20 vol% 
[35] 
Carbon black/epoxy 13000 (10 kHz) 3.5 (10kHz) ≈ 30 15 vol% [36] 
Al/epoxy 109 (10 kHz) 0.02 (10kHz) 3000 80 wt% [37] 
Ag/epoxy ≈ 300 (1 kHz) 0.05 (1kHz) 40 22 vol% [38] 
Al/Ag-epoxy 160 (10 kHz) 0.045 (10kHz) 
Al: 3000 
Ag < 20 
Al: 80 wt% [39] 
Ag/carbon black/epoxy 2260 (10kHz) 0.45 (10kHz) Ag: 13 
Ag: 3.7 wt% 
C: 30 wt% 
[40] 
Ag@C/epoxy > 300 (1kHz) < 0.05 (1kHz) 80 – 90 (core) 25 – 30 vol% [41] 
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The problem with such structure is that it requires a high precision and control of the conductive 
filler dispersion otherwise high losses will appear [40,42–52]. 
I.1.5.4 Challenges 
Among the different options the one of ceramic / polymer composites remains the most interesting 
one, especially in the specific case of nanocomposites. Similarly to MLCCs, the use of nanodielectrics 
as filler could enable the elaboration of thin films for an increase of the capacitance. Nevertheless, it 
is necessary to get a very good control of the nanometric filler dispersion inside the matrix. Indeed, 
the agglomeration of the particles can lead to undesirable properties in terms of material 
processability or components efficiency. It is thus necessary to use surfactants to get controlled and 
homogeneous dispersions. 
This motivated great efforts over the last years, however, the “perfect” dielectric material has not 
been produced yet. Indeed, improvements still need to be done in terms of: (1) inorganic filler 
synthesis to precisely control the size, size distribution and functionalization to later obtain 
homogeneous particle dispersions, (2) composite loading and homogeneity and (3) processing 
methods to reliably make thin films. 
I.1.6 Conclusion 
Even if the phenomenon responsible for the operating principle of a capacitor has been discovered 
in the 18th century, it is only in the 20th with the apparition of the radio that the interest towards this 
type of components took off. To face the industrial challenges to make more compact and 
multifunctional devices, two configurations are very promising: (1) MLCCs and (2) embedded 
capacitors. However in both cases it requires the development of ferroelectric materials synthesis 
processes enabling the controlled production of high quality nanomaterials. 
The operating principle of a capacitor is based on the polarizability of the dielectric material, also 
known as ferroelectricity. In the following part we are going to present the origin and principles of 
the ferroelectricity to discuss the issues we can encounter while decreasing the ferroelectric 
material size to meet the aforementioned specifications. 
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I.2 Ferroelectricity: origin and principle 
The history of ferroelectric materials began in the 17th century when Elie Seignette synthesized a salt 
of sodium potassium tartrate tetrahydrate (or Rochelle salt) for medical applications. It is only 
several decades later that other interesting properties were discovered like the piezoelectricity in 
1880 [53], the pyroelectricity in 1824 [54] and finally the ferroelectricity in the early 1900s [55–57]. 
The Second World War was at the origin of a major progress with the discovery of ferroelectricity in 
perovskite based ceramics. Among the different ceramics studied, the lead free barium titanate 
(BaTiO3 or BT) appeared as one of the most promising candidate with a dielectric permittivity (εr > 10 
000 at room temperature) much higher than the one for others ceramics such as TiO2 and CaTiO3 (εr 
< 100 at room temperature) [8,58–61]. Even if this material was discovered by Bourgeois in the 19th 
century [62] it is only in the 1940s that Wul and Goldman evidenced its dielectric properties [63] and 
von Hippel its ferroelectric ones [64]. 
The crystal structures describing the materials arrangement can be divided into 32 classes, or point 
groups, according to the number of rotational axes and mirror planes they exhibit (Figure I-14). 
 
Figure I-14. Classification of the various properties based on their crystal structure with the example of the 
paraelectric cubic perovskite structure of BaTiO3 [65] Copyright © 2014, Elsevier. 
Among the thirty-two crystal classes, twenty-one are non-centrosymmetric and of these, twenty 
exhibit piezoelectricity. Only 10 of the 32 point groups are polar, having a dipole in their unit cell, 
and exhibiting pyroelectricity. Finally, inside these ten classes few of them are going to present the 
ferroelectric property which is the ability of tuning the material polarization according to different 
stable directions applying an external electric field [8,66]. One of the most well-known crystal 
structure fulfilling the requirements to be ferroelectric is the perovskite one. 
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The unit cell of the perovskite structure (ABO3) is presented in Figure I-14 through the example of 
BaTiO3 where the titanium atom occupies the B site within an oxygen octahedron, the barium atoms 
occupy the A sites at the corners and the oxygen atoms are at the center of faces.  
I.2.1 Phase transitions and dielectric permittivity 
Figure I-15 shows an overview of the BaTiO3 dielectric permittivity evolution as a function of 
temperature in the case of a bulk ceramic. At high temperature BaTiO3 has a paraelectric cubic 
perovskite phase. As the temperature decreases, it undergoes three successive transitions 
ferroelectric phases with tetragonal, orthorhombic and rhombohedral symmetries at 120, 0 and -
90°C, respectively. The maximum of permittivity occurs at T = 120°C which is called the Curie 
temperature (TCurie). Above 120°C, the barium titanate has a cubic structure exhibiting a 
centrosymmetry with no spontaneous polarization. Below 120°C, it turns into a tetragonal phase, 
with a displacement of the titanium atoms inside the oxygen octahedra [19]. 
 
Figure I-15. Evolution of BaTiO3 dielectric permittivity as a function of temperature [19] Copyright © 2010, 
IEEE. 
I.2.1.1 Paraelectric state 
If T > TCurie the BaTiO3 structure will present an ideal perovskite structure, in the Pm3m cubic space 
group, which is centrosymmetric and where the ratio of the lattice parameters c / a = 1. In this 
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symmetry the material cannot present a spontaneous polarization and is called apolar. As you can 
see in Figure I-16 without any external field applied there is no polarization within the material. 
 
Figure I-16. Polarization of a paraelectric material under an external electric field. 
However, the Ti4+ cation (rTi = 0.75 Å) being much smaller than the Ba
2+ one (rBa = 1.49 Å) [67], the 
titanium atom remains mobile inside its octahedral cage. This enables the creation and alignment of 
dipoles within the material under the application of an external field making it paraelectric. 
I.2.1.2 Ferroelectric state 
If T < TCurie the BaTiO3 structure will change to the P4mm tetragonal space group, non 
centrosymmetric and with a ratio c / a > 1 making it ferroelectric. As presented in Figure I-17, this 
cell distortion results in a displacement of the Ti4+ cations and O2- anions in opposite directions and 
the apparition of a non centrosymmetric octahedron within the cell leading to the apparition of local 
dipoles. These dipoles interact constructively creating a spontaneous polarization. 
 
Figure I-17. Apparition of spontaneous polarization with cell distortion in P4mm space group : a) displacement 
of the Ti
4+
 cation and O
2-
 anions in opposite directions and b) non centrosymmetric octahedron [18]. 
This distortion can occur along the three crystallographic axes of the cell leading to the formation of 
ferroelectric domains where the polarization is uniform. This enables to minimize the deformation 
and so the strain within the material. The domains are separated from each other with “domain 
walls”. As presented in Figure I-18, there are two main types of domain walls: (1) domain walls at 
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180° where the vectors are parallel on each side of the wall and (2) domain walls at 90° where the 
vectors of polarization are perpendicular to the side of the wall (head to tail or head to head). 
However, the head to head configuration is not energetically stable in terms of charges and tends to 
be transformed in the head to tail one [68–70]. 
 
Figure I-18. Different types of domains configuration: (a) 180°-domain wall, (b) 90°-domain wall (head to tail) 
and (c) 90°-domain wall (head to head) [71]. 
The domains at 90° are not only ferroelectric but also ferroelastic which enable to relax the strain 
within the material due to the lattice distortion along the c axis in the tetragonal phase. However, 
the domains at 180° are only ferroelectric. 
As illustrated in Figure I-19, it is then possible to switch the orientation of the domains within the 
material applying an external electric field, inducing the apparition of a hysteresis loop. 
 
Figure I-19. Ferroelectric hysteresis loop with the representation of the polarization state in the circles [65] 
Copyright © 2014, Elsevier. 
The remanent polarization (Pr) corresponds to the material polarization without external electric 
field (E) and the saturation polarization (PS) is reached in the high field range. Finally, the coercive 
field (ECoerc.) is the field to apply in order to switch off the spontaneous polarization [72]. 
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I.2.1.3 Conclusion 
The transition from the ferroelectric tetragonal state to the paraelectric cubic one at 120°C, for the 
BaTiO3, cancels the spontaneous polarization within the material. This leads to a greater sensibility 
of the dipoles towards an external electric field illustrated with the apparition of a maximum of 
permittivity (Figure I-15). Unfortunately this is not the most suitable for electronic applications 
which usually operate at room temperature and require a high tunability of the dielectric material in 
addition to low losses and high permittivity. 
I.2.2 Tunability of the ferroelectricity: TCurie adjustment 
It is well established that the dielectric permittivity variation applying an external electric field can 
be divided into two contributions, a linear and a nonlinear one which are temperature dependent. 
This nonlinearity being the highest around TCurie, it is thus necessary to have a material with a TCurie 
close to the device operating temperature in order to combine high permittivity and high tunability. 
In addition, to avoid the hysteresis loop effect, an asymmetric effect, it is preferable to use a 
material in the paraelectric state [73]. Meaning that we have to make a material presenting a TCurie 
just below the operating temperature of the considered device, which is usually the room 
temperature. 
I.2.2.1 Site substitution 
The barium titanate based materials presenting an ABO3 perovskite structure, it is possible to 
proceed to an ionic substitution of either, the cations in sites A and / or B. This results in a variation 
of the phase transition temperatures and so of the TCurie position. 
I.2.2.1.1 Substitution of the cation in site A 
The most well-known substitution is the one of barium cations with strontium ones. The cationic 
radius of Sr2+ ( rSr = 1.32 Å) being smaller than the Ba
2+ one (rBa = 1.49 Å) [67] the substitution is easily 
accessible. Indeed, it does not require a lattice expansion for the strontium insertion into the cell. As 
shown in Figure I-20, we can see that the tetragonal to cubic phase transition, and so the TCurie, can 
be tuned across a wide range of temperatures, enabling an adjustment of permittivity maximum 
(Ɛmax) at room temperature [74]. 
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Figure I-20. Effect of barium substitution with strontium on phase transition temperatures [74] Copyright © 
2005, Elsevier. 
In parallel to the strontium substitution effect, Ishidate et al [75] experimentally demonstrated that 
applying an external pressure on the material has a similar effect to the strontium substitution. As 
presented in Figure I-21, according to the applied force direction on the material, the geometry of 
the cell is modified from a tetragonal to a cubic phase at a given temperature. 
 
Figure I-21. BaTiO3 pressure – temperature phase diagram [75] Copyright © (1997), American Physical Society. 
For example, with a pressure of 2.3 GPa, they observed a phase transition from the tetragonal to the 
cubic one at room temperature. The lattice contraction was estimated at 0.023 Å which is 
comparable to the one in the case barium substitution with strontium. Indeed, when 30 % of barium 
is replaced with strontium, the same phase transition will also occur at room temperature with an 
associated lattice contraction of 0.03 Å. These two values being close they conclude that the 
strontium substitution and the pressure applied play an equivalent role on the lattice contraction 
inducing variations in phase transition temperatures. 
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I.2.2.1.2 Substitution of the cation in site B 
Similarly to the A site substitution, it is also possible to proceed to the B site one. In this case, one of 
the most interesting cation is the zirconium (IV). Indeed, BaTi1-yZryO3 (with 0 ≤ y ≤ 1) is a very 
attractive material for applied and fundamental research presenting a versatile behavior according 
to its composition. As presented in Figure I-22, we can see that the TCurie decreases with the increase 
of zirconium substitution. However the variation of the phase diagram differs from the barium 
substitution with strontium. In this case, with y > 0.15, the three main phase transitions at 120, 0 
and -90°C (identified in the section I.2.1) merge together in a single one called Tm. 
 
Figure I-22. Phase diagram for BaTi1-yZryO3 ceramics with 0 ≤ y ≤ 0.3 (data were taken at 1 kHz) [76] Copyright 
© (2002), AIP Publishing LLC. 
In terms of properties, with y below 0.10 the phase transition from ferroelectric to paraelectric is 
sharp, increasing the substitution rate from 0.10 to 0.25 broader the transition. Increasing further 
the amount of substituted titanium cations from 0.25 to 0.40 turns the material into a relaxor where 
its maximum of dielectric permittivity becomes frequency dependent as presented in Figure I-23 
[77–83]. That is why we move from the notion of TCurie where the maximum of permittivity is 
constant towards Tm where the maximum is frequency dependent. Such material with tunable 
dielectric constant and high permittivity presents an interesting potential in terms of applications. Of 
course it can be used as MLCCs, piezoelectric transducers and chemical sensors, but also as 
microwave electric-field tunable materials [78,83,84]. 
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Figure I-23. Illustration of the relaxor effect for BaTi1-yZryO3 with y = 0.25, 0.30 and 0.35 [85] Copyright © 
(2013), AIP Publishing LLC. 
However, it is difficult to replace more than 40 % of titanium with zirconium because the cationic 
radius of Zr4+ (rZr = 0.86 Å) is bigger than the Ti
4+ one (rTi = 0.75 Å) [67] which creates strain and lattice 
distortion inside the material [76]. 
The cationic substitution is not the only parameter which influences the TCurie, decreasing the size of 
the particles also tends to shift it towards lower temperatures. 
I.2.2.2 Size effect 
The properties of ferroelectric materials are intimately related to their crystal structure which can be 
intimately linked to their size. Indeed we can see that the permittivity of ferroelectric ceramics is 
also strongly dependent on the grain size. Figure I-24 reports several literature works regarding the 
grain size effect on materials permittivity underlining, in the case of BaTiO3, a spreading of the values 
with a strong influence of both the synthesis and sintering methods [86]. 
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Figure I-24. Evolution of BaTiO3 dielectric permittivity (ε) as a function of ceramics grain size [86] Copyright © 
2011, Elsevier. 
We can see that Ɛ decreases decreasing the grain size and because we tend to lose the ferroelectric 
properties; it is usually reported that below a particle size around 100 nm, the structure is no longer 
considered as tetragonal at room temperature but adopting the so called “pseudo cubic” structure 
[87,88]. 
Such size effect on the material structure has been explained by three different models: 
 The internal stress model based on the change in domain structure. In this case it is supposed 
that this size effect impacts the ferroelectric domains organization with the disappearance of the 
domain walls at 90° (Figure I-25). 
 
Figure I-25. Size effect on domain walls organization. 
As already mentioned, these domains at 90° being also ferroelastic, they enable the relaxation of the 
strain resulting from the tetragonal distortion. If there are only domains at 180° remaining which are 
not ferroelastic, the strain induced from the tetragonal distortion will not be relaxed, which will 
block the phase transition and lead to the apparition of the pseudo cubic structure [89–91]. 
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 The surface stress model is based on the existence of a cubic “dead layer” at the surface of the 
particles [2,92,93]. In this case, the model is a correlation between the material size and its synthesis 
route. According to the type of synthesis, a part of barium from the material can be solubilized 
creating –OH defects. The presence of these barium vacancies tends to stabilize a cubic phase at the 
surface of the particles in order to maintain the electroneutrality of the structure [94–96]. As 
presented in Figure I-26a, the size of the particles decreasing, the proportion of the cubic shell 
increases compared to the tetragonal core, leading to a progressive loss of the ferroelectric behavior 
[2,92,93,97,98]. 
 
Figure I-26. BaTiO3 grain size effect on (a) the volume ratio of the cubic component to the entire BaTiO3 
nanopowder at 300 K, Vcubic/Vtotal and (b) TCurie adapted from ref. [92,99] Copyright © 2005, Springer-
Verlag/Akadémiai Kiadó & Copyright © (2004), American Physical Society. 
As shown in Figure I-26b a notion of critical size in terms of particle dimensions was then 
established. This corresponds to the smallest particle size where the TCurie remains at 120°C, in this 
case around 200 – 300 nm. Below this, a competition between the influence of the cubic phase 
surface over the tetragonal one impacts and decreases the position of TCurie [1,2,4,93,100–102]. 
 The nanoparticles composite structure is an evolution of the dead layer theory. In this case it 
consists in an inner tetragonal core, a gradient lattice strain layer (GLSL), and a cubic layer at the 
surface [97,98]. Its origin can be similar to the dead layer one, there is only an additional 
“transitional” layer between the core and the shell which has to be considered (Figure I-27). 
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Figure I-27. Composite structure model of a BaTiO3 nanoparticle [98] Copyright © 2013 The Ceramic Society of 
Japan. 
Many theoretical and experimental researches have been carried out in order to define this critical 
size where the TCurie drops but they led to contradictory results predicting critical sizes going from 
few nanometers to several tens of nanometers [61,87,99,100,103–105]. These differences highlight 
the influence of both; the synthesis and sintering conditions. That is why these different models and 
their origin will be discussed later on in the specific case of our synthesis. However, being focused on 
powder processing, the ferroelectricity in nanocrystals etched from bulk crystals will not be 
addressed here [106]. 
I.2.3 Size effect and dielectric permittivity 
It is also important to keep in mind that the size decrease does not only impact the TCurie but also the 
dielectric permittivity of the material. Figure I-28 presents the variation the dielectric permittivity of 
BaTiO3 particles at different sizes. At 1200 nm the profile is similar to the bulk material one with a 
TCurie around 120°C associated to a sharp transition from the ferroelectric to the paraelectric phase 
and a Ɛmax reaching 5000. Decreasing the particle size down to 300 nm the TCurie drops, with a 
broader phase transition and a Ɛmax around 3500. Finally at 50 nm we do not see any more the phase 
transition and Ɛmax goes below 1000. 
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Figure I-28. Variation of the TCurie and dielectric permittivity at 100 kHz according to BaTiO3 grains size 
evolution [99] Copyright © (2004), American Physical Society. 
This is a very critical aspect which as to be carefully taken into account according to the targeted 
application. Indeed, a broader phase transition from ferroelectric to paraelectric phase can be good 
in terms of temperature stability of devices. However the permittivity has to remain high enough to 
fulfill its initial function. 
I.2.4 Conclusion 
Based on a description of its origin and principle, we have shown that the ferroelectricity was 
dependent to the material crystalline structure. Then, we presented the two ways to tune the 
crystalline structure and so the properties through the cations substitution or the size effect. The last 
one is very important because it also fits to the industrial expectations in terms of size downscaling 
towards the nanometer scale. It is thus important to develop synthesis methods enabling a high 
level of control on the material characteristics (size, size distribution, composition, purity, etc.) from 
the early stage of its processing. Nevertheless it is important to keep in mind the impact of this 
downscaling on the value of permittivity. 
In the following part a state of the art concerning the main synthesis routes is presented and 
illustrated keeping the example of BaTiO3 synthesis. 
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I.3 BaTiO3 main synthesis routes 
The challenge is to have a process for the large scale synthesis of the material fulfilling the 
expectations in terms of characteristics while keeping in mind the economic and environmental 
requirements. 
This section summarizes the most well-known synthesis routes described in the literature to produce 
metal oxide materials. They can be divided in two categories; (1) the dry processes with the 
deposition (chemical vapor deposition, atomic layer deposition or physical vapor deposition) [107–
113], molten salts [114–119] and solid-state [8–10,18,120–123] methods and (2) the wet processes 
with the sol-gel [99,124–126], hydrothermal [127–142] and bio-inspired methods [143–146]. With 
in-between the supercritical fluids technology [147–160]. In this section a focus will be done on 
three of these techniques: the solid-state, the sol-gel and the hydrothermal routes for the BaTiO3 
based materials synthesis. 
I.3.1 The solid state process 
The solid state process is one of the oldest and simplest synthesis route enabling the large scale 
production of a wide range of oxides. It consists in mixing various carbonates or oxide powders and 
calcined them for several hours at high temperatures (> 1000 °C). In the case of BaTiO3 synthesis, the 
barium precursor first reacts at the surface of the titanium oxide and the reaction is propagated 
toward the center by diffusion to produce single phase BaTiO3 particles [18]. 
The main strengths of this process are the low cost of the precursors and the ability to produce a 
large amount of material at once, however it presents some weaknesses. The final product can 
present BaCO3 and TiO2 pollutions from unreacted precursors and a Ba2TiO4 secondary phase 
resulting from the high temperature reaction [120–123]. The mechanism being based on a diffusion 
process, the final size of the powder depends on the precursors size and on the thermal treatment. 
Usually the resulting grain sizes are hundreds of nanometers with a wide size distribution. An 
accurate control in terms of stoichiometry within the produced material is hardly achieved, this can 
be critical in the case of more complex oxides such as barium strontium titanate. As a result, defects 
and compositional inhomogeneity can occur during further processing steps leading to a poor 
reliability toward materials integration into devices. To limit these drawbacks and improve the 
homogeneity, the different precursors have to be as small as possible and particularly well mixed. 
This leads, as a preliminary step, to the compulsory use of techniques such as ball milling [161–164]. 
The production of BaTiO3 nanoparticles from BaCO3 and TiO2, using high energy milling applied on 
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the precursors to obtain nanocrystals, led to the synthesis of 70 nm nanoparticles with a narrow size 
distribution [165]. However the remaining problems, beside the supplementary milling step, are the 
time duration and the occurrence of additional pollutions in the final material. Moreover, heating 
the powders above 1000 °C during several hours presents an important energy cost. Researches 
have been achieved in order to overcome these problems leading to the elaboration of versatile 
approaches: for example the coating of BaCO3 with amorphous titania in the case of BaTiO3 
synthesis. This method enables a synthesis at lower temperature (around 600 °C) with a better 
control of the final particles size and size distribution (100 – 200 nm with narrow size distribution) 
[166]. However this process is not straight forward and is still time consuming making it difficult to 
be industrialized [8–10]. 
I.3.2 The sol-gel process 
Another main synthesis route is based on the sol-gel process which is divided in two different 
approaches: (1) gelation of a powder colloidal solution or (2) hydrolysis and condensation of 
precursors such as alkoxides or nitrate salts followed by a drying step. The first step consists in 
mixing the suspension of colloidal powders adjusting the pH to prevent the precipitation in the case 
of the approach (1) or mixing the precursors with water to start the hydrolysis of the precursors in 
the case (2) to produce a sol. Then, according to the targeted application, the sol can be deposited 
on a substrate using various methods such as spin coating or screen printing. With time the gelation 
of the sol appears due to the polycondensation of the colloidal powders or of the precursors. The gel 
is then dried to get the amorphous material and a final annealing step at 700-1000 °C is compulsory 
to crystallize it. It enables a better control of the produced nanoparticles in terms of size (< 100 nm), 
stoichiometry, homogeneity and purity (slight BaCO3 contamination). In this case the problem is 
more focused on the use of cost effective and hazardous chemicals and on the process duration. 
Moreover, the compulsory annealing step increases the particles size. Finally, unlike the solid state 
synthesis which is a dry process, the synthesis being achieved in a wet media; such materials present 
–OH defects [99,124–126]. This last point has to be carefully taken into account because it can affect 
the material properties. 
I.3.3 The hydrothermal process 
The hydrothermal term was introduced for geological purpose in the 1800s by Sir Roderick 
Murchison as the action of water at elevated temperature and pressure. The first hydrothermal 
system was set up in 1845 by Schafthaul to simulate the hydrothermal phenomena occurring within 
the earth. However it is only during the 20th century that this technology was recognized as being an 
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important process towards material synthesis. Such reactions are mainly carried out in sealed 
stainless steel autoclaves heated above room temperature which consequently increases the 
pressure within the setup [127,128]. 
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Table I-3. Summary of the different synthesis processes with the associated material characteristics 
[65] Copyright © 2014, Elsevier. 
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Usually the reaction mechanism involved in this synthesis is based on the precursors dissolution 
followed by a precipitation / crystallization of the product. Walton et al. were the first to follow in 
real time the formation of metal oxide nanoparticles in hydrothermal conditions using in situ 
neutron powder diffraction measurements. In this study they focused on the BaTiO3 synthesis 
starting from Ba(OD)2‚8D2O or BaCl2 precursors mixed with amorphous or crystallized TiO2 particles. 
They were able to observe first; the dissolution of the barium precursor, followed by the titanium 
one before the crystallization of the BaTiO3. As evidenced in Figure I-29 this showed that the driving 
force of this synthesis is based on the solubility of the less soluble precursor (here TiO2) compared to 
the insolubility of the product (BaTiO3) [129,130]. 
 
Figure I-29. In situ neutron diffraction experiment showing of the consumption of TiO2 and growth of BaTiO3 
with time [129] Copyright © 2001, American Chemical Society. 
The most important parameters for these syntheses are (1) the nature and concentration of 
mineralizers, (2) the temperature and (3) the solvent. (1) Usually the mineralizers are alkaline 
hydroxides or alkaline carbonates and the most often used are the sodium or potassium hydroxides 
ones. According to their nature and / or concentrations they can affect the synthesis yield. It is 
important to be careful with the use of mineralizers because sometime the cation can also act as a 
dopant in the resulting material. (2) According to the nature of the precursors, acetate or nitrate, 
and so the reaction mechanism, the temperature will or will not have an impact on the growth 
behavior. (3) Finally the type of solvents used can play an important role, the reaction occurring 
under pressure and temperature; the variation of these two parameters changes the fluid 
properties. For example the use of methanol or ethanol instead of water will change the viscosity 
and the thermal conductivity of the media leading to chemical reactivity variations [128,131–136]. 
This technology presents different advantages: (1) it enables the synthesis of various kinds of metal 
oxide nanoparticles with a good control over their size (from few to several nanometers), size 
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distribution and morphology at temperatures below 200 °C and pressures below 1.5 MPa, (2) it is 
environmentally friendly because the solvents are generally not hazardous and the operating 
temperature is low (< 200°C) and (3) it is low cost and reliable so it is possible to scale up this 
technology toward industrial production. However in some cases the apparition of a slight BaCO3 
contamination can be observed. In addition, as in the case of the sol-gel process, the reaction being 
achieved in a wet media the presence of –OH defects is reported [128,133,137–142]. 
I.3.4 Conclusion 
Each of these processes presents different strengths and drawbacks which are limiting to fulfill the 
down scaling expectations (Table 1) in terms materials quality and production cost. That is why it is 
necessary to develop new synthesis processes such as the supercritical fluid technology in order to 
suitably answer the industrial demand. This technology combines aspects from the solid state 
synthesis such as its large scale production ability with others from the wet synthesis such as the 
quality of produced material thanks to a good control of their size and size distribution, crystallinity, 
purity and homogeneity. 
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I.4 The supercritical fluid technology, an alternative 
The supercritical fluid method of advanced material design can be considered as an extension of the 
usual synthesis routes, coupling advantages of the “conventional” methods with some additional 
inputs making it even more attractive. One of the most valuable one is the enhancement of the 
chemical reactivity leading to a fast synthesis (tens of second) enabling the use of continuous 
processes favoring the scaling up ability towards industry. 
I.4.1 What is a supercritical fluid? 
I.4.1.1 General considerations 
A supercritical fluid is a single phase domain which appears crossing the critical pressure and 
temperature of the considered fluid. For example in the case of water (Figure I-30) this domain 
appears for pressures over 22.1 MPa and temperatures higher than 374 °C. It is important to know 
that the supercritical domain is not a proper phase; it is a continuous change from the liquid phase 
to the gas one. Varying the pressure and temperature it is possible to adjust the density, viscosity, 
diffusivity or surface tension of the media leading to the apparition of very interesting properties not 
only for the materials synthesis [147,148,150,152,154,156,167–169] but also for their recycling 
[170]. 
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Figure I-30. Pressure–temperature phase diagram of pure water. TP is the triple point (TTP = 0 °C, PTP = 612 
Pa) and CP is the critical point (TCP = 374 °C, PCP = 22.1 MPa). Some isochoric curves are drawn (dotted lines) 
[171] Copyright © 2010 Society of Chemical Industry. 
To summarize, this domain combines some properties of the liquid phase to the ones of the gas 
phase [171]. These properties are intrinsic to the nature of the solvent and can be tuned by mixing 
together different types solvents. 
I.4.1.2 Case of mixtures 
In the case of mixtures the interactions between the molecules induce the modification of the 
critical pressure and temperature of the considered fluids. These properties are then going to be 
specific for a given mixture at a well-defined composition. For example in the case of water / ethanol 
mixtures, which are interesting in the case of ferroelectric nanomaterials synthesis in supercritical 
fluids, the polarity of each species will generate hydrogen bonding between the two types of 
molecules: the ethanol molecules are going to affect the water molecules structure leading to 
changes on the critical pressure and temperature of the mixture [172]. In the Figure I-31 Bazaev et al 
[173] combined theoretical and experimental data from literature [174–176] in order to predict the 
evolution of the critical temperature and pressure as a function of the water / ethanol composition. 
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Figure I-31. Evolution of the critical pressure and temperature according to water / ethanol mixture 
composition where: ● Marshal et al [174] □ Griswold et al [175] × Barr-David et al [176] ■ Bazaev et al [173] 
Copyright © 2007, Elsevier. 
The different studies concerning the critical temperatures evolution with the media composition 
were in very good agreement. Concerning the critical pressures, except the study of Griswold et al 
[175] assuming a linear evolution, the different results were also in good agreement. 
Nevertheless, there are not a lot of data concerning other or more complex solvent mixtures in the 
literature. That is why our research group at ICMCB investigates this aspect to develop models, 
validated with experiments, for predicting the critical points for other and / or more complex 
mixtures through the PhD work of B. Pinho. 
I.4.2 Nanomaterials synthesis in supercritical fluids 
Even if the supercritical domain is known for a long time it is only in the early 1990s that Adschiri et 
al. first reported the synthesis of metal oxide nanoparticles using supercritical water with the 
synthesis of cerium oxide nanoparticles [177]. 
In thus conditions, a chemical reaction occurs leading to the material nucleation and growth. 
According to the nature of the reagents and solvents used, there are four main kinds of chemical 
reactions which can occur in supercritical conditions: (1) hydrothermal reactions of metal salts or 
metal precursors in supercritical water leading to their hydrolysis and dehydration 
[147,148,154,178–180], (2) the thermal decomposition of metal precursors [152,181,182], (3) the 
reduction / oxidation reactions of metal salts or metal precursors [183–188] and (4) the hydrolysis / 
condensation reactions known as sol-gel [159,189,190]. 
In terms of process, the chemical reaction, nucleation and growth are performed into a high 
pressure and high temperature reactor and feed with high pressure pumps (Figure I-32). The 
produced material can be recovered whether as a powder using a particle filter positioned before 
the back pressure regulator valve or in suspension at the outlet of the process. 
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Figure I-32. General sketch of a supercritical fluid process for nanomaterials synthesis [65] Copyright © 2014, 
Elsevier. 
This type of setup is very flexible and can be tuned at will. In its simplest configuration the process 
will present a single line to inject the precursor dissolved into the solvent. For example Slostowski et 
al [191] synthesized cerium oxide from ammonium cerium(IV) nitrate solubilized in different 
alcohols. In this case the heat was only increased by the heating system of the reactor. It can be 
more complex, for example Hakuta et al developed another design to produce cerium oxide adding a 
second preheated line [192]. The first line feeding the reactor with the precursors and the second 
one bringing preheated solvent to the reactor. The two flows are mixed at the inlet of the reactor. 
There the heating is mainly done by the solvent line. The heating system of the reactor is mainly 
used to keep the temperature. In other cases the setup can present several lines according the 
nature of the precursors and their solubility in the solvents used [156,159] or to make more complex 
structures like hybrids [157,193]. Playing with the main process operating parameters such as 
reactor’s pressure and temperature, precursors nature and their concentration, type of solvents and 
residence time within the reactor, it is then possible to control the inorganic or hybrids (inorganic / 
organic) nanoparticle design in terms of size, morphology, structure, composition, crystallinity and 
surface properties [150,169]. 
The main interests of this technology can be summarized as follow: 
 The properties of the fluids in supercritical conditions enable to the carry out reactions with 
very fast reaction kinetics (tens of seconds). It is thus possible to operate in continuous leading to 
the possibility of a better control over the process. 
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 Using this process it is also possible to reliably synthesize high quality nanoparticles (well 
crystallized, narrow size distribution, pure, stoichiometric, etc.) in a single step. In comparison with 
the sol-gel process, it is generally necessary to have a post thermal treatment to crystallize the 
particles. 
 This technology is also versatile enabling a controlled synthesis of various kinds of 
nanoparticles such as metals (Cu, Ag, Pt, Pd, etc.) [184–188,194–199], oxides (BaxSr1-xTiO3 with 0 ≤ x 
≤ 1, TiO2, ZrO2, CeO2, Fe2O3, Cu2O, Cr2O3, Al2O3, ZnO, AlOOH, Co3O4, CuO, NiO, CoAl2O4, MgFe2O4, 
etc.) [159,182,189,190,199–207] or nitrides (Ni3N, Cu3N, Co2N, Cr2N, Fe4N, etc.) [182]. In these 
conditions of synthesis the nucleation is favored over the growth, leading to the production of 
nanopowders with high specific surface area which can be very interesting for catalysis or gas 
capture [208]. 
 It is a sustainable process which operates at relatively low temperature (< 400 °C) and mainly 
uses green solvents such as water or alcohols. 
 Finally, it is a scalable technology towards industrial production and the first commercial plant 
is already running (Figure I-33) producing 1 000 tons per year of LiFePO4 [207]. 
 
Figure I-33. First commercial plant (1000 tons per year) for the continuous supercritical hydrothermal synthesis 
of LiFePO4; plant was constructed by Hanwha Chemical [207] Copyright © 2011, Royal Society of Chemistry. 
I.4.3 Conclusion 
All these aspects show that the supercritical fluid method leads to a good compromise between the 
solid state and the sol-gel syntheses and enhance the hydrothermal one. On one side it enables the 
production of a large amount of material in a reasonable amount of time like in the case of the solid 
Dielectric materials for passive electronic components: from synthesis to processing, a state of the art 
59 
 
state process. On the other hand it offers a good control on the synthesized particles in terms of size 
and size distribution, characteristic of the wet syntheses. In addition it fits with an environmentally 
friendly policy through the use of green solvents and the moderate amount of energy needed 
[7,207]. 
In the next part, a state of the art concerning the supercritical fluid synthesis of BaTiO3 / BaxSr1-xTiO3 
(with 0 ≤ x ≤ 1) nanoparticles will be presented, highlighting the advantages of the process in terms 
of the quality of the produced materials. 
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I.5 Supercritical fluid synthesis of BaxSr1-xTiO3 (with 0 ≤ x ≤ 1 - BST) 
Only few papers (around 10) report the synthesis of BaTiO3 based materials in supercritical fluids and 
are mainly shared between two research groups, the supercritical fluid research center at the 
national institute of Advanced Industrial Science and Technology (AIST – Senday – Japan) and the 
Supercritical Fluid group at the Institute of Condensed Matter Chemistry of Bordeaux (ICMCB – CNRS 
– France). From these 10 papers two main approaches are presented towards the synthesis of 
BaTiO3 based nanoparticles in supercritical fluids: (1) the “supercritical hydrothermal like synthesis” 
based on hydroxide (Ba(OH)2), oxide (TiO2) or nitrate (Ba(NO3)2) precursors or (2) the “supercritical 
sol-gel like synthesis” based on alkoxides precursors which not only enable the synthesis of BaTiO3 
(as in the case (1)) but also the barium strontium titanate (BST – Ba1-xSrxTiO3 with 0 ≤ x ≤ 1) entire 
solid solution one. 
I.5.1 Supercritical hydrothermal synthesis of BaTiO3 (BT) 
Hayashi et al reported the continuous synthesis of BaTiO3 in supercritical water based on different 
types of precursors (Ba(NO3)2, Ba(OH)2, [Ba(OH)2, 8H2O] and TiO2). For these syntheses they chose 
the setup configuration where a preheated line of water is used to heat the media in order to faster 
the reaction and have a homogeneous nucleation when it is mixed with the precursors at the inlet of 
the reactor [149,153,155–158]. The precursor line is not preheated to avoid side reactions. The 
BaTiO3 crystallizes inside the reactor which is under supercritical conditions and the powders are 
recovered after the back pressure regulator. 
One type of precursors was a mixture of TiO2 nanoparticles dispersion with a solution of Ba(OH)2. 
According to the flow rate, the conditions of pressure and temperature, the BT nanoparticles were 
produced in time ranging from few milliseconds to tens of seconds. The BaTiO3 nanoparticles 
average size was comprised between 10 to 50 nm; an increase of the mean size increased the size 
distribution. In the case of 50 nm particle, the size distribution was spread from 10 to 150 nm. These 
syntheses displayed aggregated particles with high crystallinity. According to the conditions of 
pressure and temperature they claimed that they change the crystal phase from the cubic to the 
tetragonal one. To get a tetragonal phase, the temperatures ranged from 400 to 420°C and the 
pressure from 20 to 35 MPa. They based their investigation on XRD analyses of the powders and 
more precisely on the full width at half maximum (FWHM) of the XRD peaks at (111) and (200). They 
estimated that since the FWHM for the (200) peak, characteristic of the tetragonal phase, was larger 
than the one of the (111) peak, the phase was tetragonal. Nevertheless, we have to be very careful 
with such interpretation since we do not actually observe the splitting of the 200 and 002 peaks. 
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Moreover, based on Figure I-21, the variation of pressure is far too low to have any consequences on 
the material’s structure. Finally they have not done any ferroelectric characterization to further 
prove their hypothesis. 
Two reaction mechanisms similar to the most well-known ones of hydrothermal syntheses were 
proposed [130]: (1) dissolution of TiO2 precursor followed by crystallization of BaTiO3 as 
demonstrated by Walton et al [129] or (2) in situ crystallization based on barium diffusion into TiO2 
nanocrystals [149,153,155,158]. 
BaTiO3 was also obtained mixing Ba(NO3)2 with a dispersion of TiO2 nanocrystals and using a 
residence time of 8 milliseconds leading to nanoparticles of 10 nm with narrow size distribution. The 
particles were well crystallized in the cubic phase. Again the presence of –OH defects was detected. 
In this case, the proposed mechanism was based on the hydrolysis and precipitation of the 
precursors [157]. 
With the use of these types of precursors only the synthesis of BaTiO3 nanopowders was reported 
but they did not verify the accuracy of the synthesis measuring their ferroelectric properties and 
comparing them to the literature. However, as introduced in the following part, the use of alkoxides 
enables the production of barium strontium titanate nanopowders over the entire solid solution. 
I.5.2 Supercritical sol-gel like synthesis of barium strontium titanate 
Bocquet et al. were the first to report the synthesis of BaTiO3 starting with a double alkoxide 
(BaTi(O-iC3H7)6) in supercritical water / isopropanol mixture [151]. In this study, an extra preheated 
line was used and the temperature was fixed only by the heating system of the reactor. However, 
because the alkoxides are not stable in water, two lines were used: one for the precursors dissolved 
in isopropanol, the other for the water. The reactor was divided in two parts: the first one was in 
vapor phase to hydrolyze the alkoxides and the second one in supercritical conditions to thermally 
treat the produced nanoparticles. These nanoparticles presented an average size of 10 nm with a 
narrow size distribution and a specific surface area of 80 to 90 m2/g. The infrared measurements 
showed –OH defects. 
Based on these results, Reverón et al. from our group combined both syntheses using alkoxide 
precursors reacting in water / alcohol mixtures and a preheated line. They first synthesized BaTiO3 
nanopowders and then demonstrated for the first time the synthesis of the entire solid solution of 
BST nanoparticles in supercritical fluids [159,189,190,209]. 
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Barium, strontium and titanium isopropoxides were dissolved in ethanol. The flow reaction system 
was made of two injection lines: one for the precursors dissolved in ethanol and the second one for 
water in order to proceed to the hydrolysis of the precursors at the mixing point. The entire system 
was pressurized at 26 MPa using a back pressure regulating valve. The water line was preheated at 
150°C to faster the reaction, however the injection line of precursors was kept at room temperature 
to avoid side reactions. The two lines were mixed at the inlet of a height meter length tubular 
reactor with 16 cm3 of inner volume. The first four meters were heated at T1 = 150°C to enhance the 
hydrolysis of the precursors and the four last meters were heated at T2 = 380°C above the critical 
point of the water / ethanol mixture to promote the crystallization. Using this setup the 
experimental parameters were tuned for the BaTiO3 synthesis [159]. One of the most important 
parameter, beside the pressure and temperature, was the ethanol molar ratio. For an ethanol molar 
ratio of 0.29 pure BaTiO3 nanoparticles with a crystallinity higher than 90 % were obtained. The 
particles presented an average size of 41 nm with a size distribution of ± 13 nm. For all the materials 
the presence of –OH defects was detected. 
After the optimization of the experimental conditions for BaTiO3 synthesis, the process was 
transferred to Ba1-xSrxTiO3 (with 0 ≤ x ≤ 1) solid solution synthesis [189,190]. Increasing the strontium 
amount leads to a decrease of the mean particle size. As shown in Figure I-34 the average size went 
from 41 ± 13 nm in the case of BaTiO3, to 25±6nm for x = 0.5 and to 19 ± 5nm in the case of SrTiO3. 
These materials were then uniaxially pressed into pellets and sintered 4 four hours at 1325 °C in 
order to measure their ferroelectric properties according to their composition (Figure I-34). 
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Figure I-34. Effect of barium substitution with strontium on particles size TCurie evolution [189]. 
The variation of the TCurie according to the strontium content being in agreement with the literature 
it exhibits the synthesis accuracy in terms of materials composition and stoichiometry [189,209]. 
However, it is also possible to observe correlation between the composition and the average 
particles size. Indeed, it appears that the increase of strontium amount tends to decrease the 
particles size. But so far no precise explanations were found to justify this trend. 
I.5.3 Conclusion 
Although this process enables the synthesis of high quality and well crystallized nanoparticles with 
narrow size distribution as expected by the industry, there are still just few papers reporting the 
supercritical synthesis of BaTiO3 or BST nanomaterials. Two main synthesis routes can be used 
according to the nature of the precursors leading to different reaction mechanisms. The one based 
on alkoxide precursors enables more flexibility than the other with the possibility to produce the 
entire solid solution between BaTiO3 and SrTiO3 (Ba1-xSrxTiO3 with 0 ≤ x ≤ 1). In both cases it is 
important to note that even if the syntheses are achieved under pressure (around 25 MPa) it is too 
low to have any consequences on the material’s structure (Figure I-21) even if Hakute et al. study 
claimed that a variation pressure can modify the BaTiO3 crystal structure from cubic to tetragonal 
phase [155]. It is thus necessary to achieve a deeper study to understand and control the 
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nucleation and growth mechanisms, especially in the case of the BST solid solution, where the size 
variation with the composition remains unexplained and to get a better control on the synthesis. 
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I.6 Conclusion of Chapter I 
Passive components being space consuming on PCBs, they focus great attention from the industry 
because they limit the ability to produce more compact and multifunctional electronic devices. The 
case of capacitors is especially targeted because a large amount of them is necessary in a single 
device. For example, a cell phone uses hundreds of them to operate. To face this challenge, two 
types of capacitor configurations are very promising, the MLCCs which are already well known but 
can be improved and the embedded capacitors which are still at the development stage. 
In both cases, the operating principle relies on the use of ferroelectric materials such as perovskite 
BaTiO3 based materials. Such materials have gained a lot of attention from researchers for decades 
because they present high dielectric permittivity. However the ferroelectricity is very sensitive to the 
grains size when they reach tens of nanometers. That is why, if we want to maintain a certain level 
of device performance, it is necessary to use high quality dielectric nanomaterials in terms of size, 
crystallinity, purity, and homogeneity, while keeping a large amount of production at low cost and 
following the environmental policy. So far, the main synthesis routes reach their limits and new 
processes have to be developed. An alternative is the supercritical fluid technology. 
In addition to bring an answer to the materials quality expectations, this scalable technology enables 
a fast and reliable materials production using green solvents. Moreover this technology is versatile 
and not only enables the production of oxide nanoparticles but also metals, nitrides and more 
complex structures such as core shell ones. The example of the BaTiO3 synthesis is really well 
illustrating the contribution which can be brought by this technology to the industrial production of 
metal oxide nanomaterials with the ability to produce in tens of seconds high quality BaTiO3 based 
nanoparticles. 
However, if we want to use it for a large scale production of nanomaterials, it is first necessary to 
understand their formation in supercritical fluids conditions in order to control their design. 
Moreover, as already discussed, at the nanoscale it becomes essential to understand the link 
between the materials structure and their ferroelectric properties. This will be possible with an in 
depth study of the material structure and surface properties correlated to a characterization of their 
intrinsic ferroelectric properties. 
To do that, this PhD work is divided in two parts: 
 Study of the supercritical fluid synthesis of barium titanate based nanoparticles and its solid 
solutions; Ba1-xSrxTiO3 with 0 ≤ x ≤ 1 (BST) and BaTi1-yZryO3 with 0 ≤ y ≤ 1 (BTZ) combining ex situ 
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analyses like X-ray diffraction, electronic microscopy and different types of spectroscopy with in situ 
synchrotron powder X-ray diffraction. 
 Process these powders into ceramics for studying either their bulk or intrinsic properties. For 
the study of bulk properties, we are going to use the “conventional” sintering process enabling the 
grain growth. However, to study the intrinsic properties it is necessary to make dense and 
nanostructured ceramics keeping the starting grains size. This is possible using fast sintering 
methods, such as the spark plasma sintering (SPS) one. This will enable us to improve the knowledge 
concerning the size effect on their properties and to evaluate their potential application in 
electronic, especially for capacitors. This part will be conclude with an opening study concerning the 
development and dielectric characterization of hybrid nanocomposites (nanoparticles / polymer). 
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In the following chapter we are going to present the different methods we used across this PhD, 
starting with a presentation of the ones to produce and characterize the barium titanate based 
nanoparticles, where a focus in done on the in situ synchrotron powder diffraction setup enabling to 
follow in real time the nanoparticles formation in supercritical fluid conditions. Finally, the 
techniques to process these powders into ceramics or composites and their characterization tools 
will be described. 
II.1 Nanoparticles synthesis 
To synthesize our particles, we chose to work with a reactor that operates in a continuous mode 
because it enables to have a good control of the process operating parameters such as pressure, 
temperature and residence time, while producing a reasonable amount of material to perform both, 
the characterization and processing steps of the powders. In this first part we will describe the setup 
and the various characterization tools we used. 
II.1.1 Setup 
The experimental setup used for this work is based on a former one developed at the ICMCB, in the 
“supercritical fluids” group (Figure II-1). Indeed it has already been successfully operated to 
synthesize barium titanate and barium strontium titanate monocrystalline particles 
[150,159,189,190,209–211]. The strength of this setup lies in its versatility, indeed, such system is 
quite easy to transform at will. 
 
Figure II-1. Sketch of the experimental setup developed at ICMCB [150,210] Copyright © 2006, Elsevier. 
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The experimental setup consists in two high pressure pumps (flow up to 15 mL.min-1). For this study, 
one is dedicated to the injection of the alkoxide precursors solubilized in ethanol, the other one for 
the injection of water. A third pump can be used equally for the injection of a second solution of 
metal precursors, a solution of functionalizing agents or even of CO2, depending of the type of study 
carried out. The injected solutions can also be preheated independently (Ta, Tb, Tc) before being 
mixed. The pressure is equal in the whole system, verified with manometers (p) and controlled with 
a back pressure regulator (Tescom®) (see image of the actual setup Figure II-2). For security reasons, 
security valves adjusted at 40 MPa are located right after the high pressure pumps. 
 
Figure II-2. Photography of the continuous flow experimental setup used for the synthesis of nanoparticles in 
supercritical fluids. 
The tubular reactor in which the reaction, the nucleation and growth and the crystallization of the 
nanoparticles take place, is made of stainless steel tube (type 316L, inner diameter of 1.57 mm) and 
consists in four independent parts of 6 m long each (R1 to R4). This was made in a view of exploring 
different configurations of reactions (total length of the reactor, split-up of the hydrolysis and the 
crystallization, etc.). They are maintained at constant temperature with the use of four heating 
resistors (Thermocoax®) (T1 to T4). K type thermocouples are positioned all along the reactor to 
enable the visualization of the temperature profiles during the synthesis reaction. An insulation layer 
minimizes the heat radiation of the reactor and the whole system is put into a Plexiglas box for a 
safe protection. 
The nanoparticles are recovered either with a filter that blocks them on the streamline, or directly in 
suspension after the back pressure regulator. At the outlet of the reactor, a part of the circuit is 
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deepened in iced water to quench the growth of the nanoparticles on the one hand, and on the 
other hand to prevent the back pressure regulator from being overheated and damaged by the hot 
fluid going through it. 
The setup is operated and controlled with the help of an interface programmed on the software 
Labview®. 
II.1.2 Fluid hydrodynamic 
For such setup, it is of main importance to control the hydrodynamic of the flow within the reactor. 
First, it enables to adjust the residence time for the reaction, but also, the size distribution of the 
particles. 
To do that, we use the Reynolds number (equation (7)) which considers the viscosity and the mass 
flow of the fluid according to the reactor diameter to define three different regimes: laminar, 
intermediate or turbulent.  
𝑅𝑒 =  
𝜌. 𝑣. 𝐷
𝜂
=  
4. 𝑑𝑚
𝜋. 𝐷. 𝜂
  (7) 
Where  is the density of the fluid (kg.m-3), 𝑣 the fluid speed (m.s-1),  the dynamic viscosity (Pa.s), D 
the reactor inner diameter (m) and dm the mass flow of the fluid (kg.s
-1). 
It is important to note that the density and viscosity of the fluid depend on the system temperature 
and pressure. The density can be estimated with Refprop© developed by the National Institute of 
Standards and Technology (NIST) and the viscosity with AspenTech© software. 
II.1.2.1 Laminar flow 
When Re < 2000, the flow is considered as laminar and the speed profile is parabolic (Figure II-3b). 
The linear speed 𝑣 (𝑟) (in m.s-1) of an element of fluid located at a distance r (in m) from the axe of 
the reactor can be expressed as equation (8): 
𝑣(𝑟) = 2. 𝑣 [1 − (
2. 𝑟
𝐷
)
2
] (8) 
The linear speed is then faster on the axis of the tube (r = 0) and is equal to 2 𝑣 than on the wall of 
the reactor where the speed is theoretically equal to zero. The shortest residence time can therefore 
be estimated from equation (9): 
Nanomaterials synthesis, processing and characterization: experimental setups and methods 
74 
 
𝑡𝑠 >  
𝐿. 𝜋. 𝑅2. 𝜌
2. 𝑑𝑚
 (9) 
In this case, unlike the plug flow type, the reaction duration will not be constant. It will be faster at 
the center of the reactor than at its wall. This will directly impact the produced particles size and 
broader their size distribution. 
 
Figure II-3: a) plug flow, b) laminar flow, c) comparison of reaction time with the type of regime. 
In addition, because the speed is equal to zero at the side of the reactor, this will favor the deposit of 
the produced material on the reactor surface. The material having a much longer residence time will 
grow up to a point where it will be took off from the reactor by the flow. This will lead to the 
apparition of a secondary population of particles in terms of size. 
II.1.2.2 Intermediate flow 
For 2000 < Re < 3000, the flow is intermediate between the turbulent and the laminar ones (Figure 
II-3c), and the Equation (9) is still valid to calculate the shortest residence time. In terms of particles 
morphology, the size distribution may adopt an intermediate profile too. 
II.1.2.3 Turbulent flow 
When Re > 3000, the flow is considered as turbulent and the reactor can be associated to the plug 
flow type reactor model (Figure II-3a). The speed and the precursor concentrations are uniform in 
each “slice” of the fluid and the relation time = distance / speed is valid across the entire reactor 
section. The residence time can therefore be calculated according to equation (10): 
𝑡𝑠 =  
𝐿. 𝜋. 𝑅2. 𝜌
𝑑𝑚
 (10) 
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Where ts is the residence time (s), L the length of the reactor (m) and R the inner radius of the 
reactor (m). The residence time being constant for each particles, they present a narrow size 
distribution. 
II.1.3 Conclusion 
Thanks to its versatility, this setup is very interesting because it enables to carry out different types 
of tests playing on various experimental parameters such as the temperature, pressure, reactor 
length, multi injection, flow rate and so on, in order to optimize the materials synthesis. One of the 
critical parameters is the control of the fluid hydrodynamic which mainly impacts the residence time 
during the synthesis. If it is not constant across the entire reactor section, the produced powders will 
present a broad size distribution. It is thus preferable, if possible, to carry out the syntheses in a 
turbulent flow regime to have a plug type reactor, leading to a constant residence time and so to a 
better control over the size and size distribution of the produced nanoparticles. However it is not the 
only important one. Changing the pressure, temperature, solvent nature and precursor 
concentrations can also directly impact the properties of the nanoparticles. 
In the next section we are going to present the various methods we used to characterize the 
nanoparticles in terms of structure, morphology, size and surface properties. 
  
Nanomaterials synthesis, processing and characterization: experimental setups and methods 
76 
 
II.2 Powder characterization methods 
Crossing information from different ex situ and in situ characterization techniques is necessary to 
describe the produced powders and improve the understanding of mechanisms occurring in the 
supercritical fluid reactor (Figure II-4). 
 
Figure II-4. Characterization techniques. 
Many characterization techniques are available at ICMCB and at the “Plateforme Aquitaine de 
Caractérisation des MATériaux” (PLACAMAT) in Bordeaux or through a collaboration with Prof. B. 
Iverson at Aarhus University (Denmark) and the following will present the different ones we used, 
associated with the type of information they provide, to achieve a deep characterization of the 
produced material. 
II.2.1 Powder X-ray diffraction (PXRD) 
Across this study, the use of X-ray diffraction is of main interest. We performed both, conventional 
ex situ powder X-ray diffraction measurements but also in situ synchrotron wide angle X-ray 
scattering (WAXS) ones using an adapted reactor. 
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II.2.1.1 Ex situ PXRD measurements 
The analyses were carried out by E. Lebraud and S. Pechev from ICMCB internal service, and two 
types of apparatus were used according to the nature of information we were looking for: 
 A PANalitycal X'pert MPD Bragg-Brentano θ-θ geometry diffractometer equipped with a 
secondary monochromator over an angular range of 2θ = 8-80°. The Cu Kα1,α2 (λ1 = 1.54060 Å, λ2 = 
1.54441 Å) radiations are generated at 40 KV and 40 mA. 
 A PANalytical X’Pert MPD-PRO powder diffractometer equipped with a germanium 
monochromator to be perfectly monochromatic. We observe only the diffraction of the Cu Kα1 
radiation at λ1 = 1.54060 Å generated at 45 KV and 40 mA. 
The difference between these two apparatus lies in the quality of the expected XRD patterns. The 
second being perfectly monochromatic, it is possible to carry out a much more precise analysis than 
with the first one. Indeed, the first one having the contribution of two wavelengths, leads to the 
superposition of two XRD patterns mingled at low diffraction angles but which tend to split at higher 
angles. However, the analysis with the first equipment being much faster (around 30 minutes) 
compared to the second one (several hours or days), it is very convenient to use it to make a first 
selection of samples which are then measured with the second one. 
II.2.1.2 In situ WAXS measurements 
The in situ experiments were carried out in collaboration with Prof. B. Iversen team, especially Dr. K. 
M. Jensen and E. D. Bøjesen, from Aarhus University (Denmark) at the beamline i711 at MAXII, MAX-
lab, Lund, Sweden. 
MAX laboratory has three storage rings (MAX I, MAX II and MAX III) and a fourth one (MAX IV) which 
is under construction. We used the MAX II ring which is, at the moment, the largest one with a 
circumference of 90 meters. The electrons are injected in the ring with an energy of 400 MeV and 
accelerated inside the storage ring. In the case of this ring, the electrons can reach an energy of 1500 
MeV. At this energy, the electrons present a speed of 99.99999 % of the light speed and a mass 
around 300 times higher than their resting mass. The maximum stored current is 300 mA and the 
number of electrons in circulation is estimated at 500 billion. 
In the case of this study we used the beamline i711 which enables single crystal and powder 
diffraction. The beam energy is comprised between 12.6 keV (λ = 0.98 Å) and 8.8 keV (λ = 1.4 Å) with 
a monochromator selecting photon flux with an energy of 12 keV (λ = 1.03 Å). A four circles 
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diffractometer Newport kappa is located at 5.5 meters form the monochromator and the detector is 
a an Oxford Diffraction Titan CCD camera [212,213]. 
The reactor is a single crystalline sapphire capillary with an internal diameter of 700 μm and a wall 
thickness comprised between 6 to 80 μm. Such capillary can withstand tens of MPa and is thermally 
stable up to 450°C while being chemically inert. Finally, the sapphire being made of light elements 
(α-Al2O3), the X-ray transmission makes possible to observe the diffraction from the particles inside 
the reactor with a good resolution. 
As presented in Figure II-5a, the capillary is tighten into a shoe using Swagelok© stainless steel tube 
fittings and graphite ferrules. The shoe enables to protect the capillary, preventing any external 
mechanical strain which could break it while under pressure and temperature. It is also possible to 
insert a thermocouple within the capillary in order to precisely know the temperature during the 
experiment. The setup is pressurized using a high-performance liquid chromatography (HPLC) high 
pressure pump, which could reach 40 MPa, connected to the capillary with a 1/16 inch diameter 
stainless steel tube. The heating is provided by a jet of hot air. The air is preliminary heated at the 
expected temperature then focused on the capillary using a pneumatic shutter system which 
controls the direction of the flow (Figure II-5a and b). 
 
Figure II-5. a) Sapphire capillary tighten into the shoe, b) shoe mounted on the heating system and c) top view 
of the setup [214] . 
Once the capillary is mounted into the shoe and pressure tested, it is filled with the precursor 
mixture using a syringe. One end of the capillary is then caped and the other connected to the high 
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pressure pump. After, the capillary is pressurized using a high pressure pump, and subsequently 
heated with a jet of hot air. Simultaneously with the onset of the heating, sequential X-ray exposures 
are initiated (Figure II-6). The synchrotron beam energy was 12.3 keV and powder diffraction 
patterns were collected with the CCD detector every five seconds. The experiments were allowed to 
run for at least 20 minutes. 
 
Figure II-6. Sketch of the entire system: 1, fastening shoe; 2, thermocouple; 3, beams top; 4, capillary; 5, waste 
container; 6, heater mouthpiece; 7, solvent; 8, valves (ball-valve and PRV); 9, HPLC pump (including 
manometer) [214]. 
It is important to note that, this setup being different than the one used for the flow synthesis 
described in section II.1, we cannot directly compare the results obtain with each apparatus. The 
idea is more to compare the trends to get additional insights concerning the materials formation. 
II.2.1.3 Interest for this PhD project 
The diffraction phenomenon consisting in an interaction between an electromagnetic wave (such as 
X-ray) with the periodic medium of a crystallized material, the resulting X-ray diffraction (XRD) 
pattern will depend on the X-ray wavelength and on the internal atomic arrangement intrinsic to the 
material analyzed. 
Using the software DIFFRACTplus EVA, it is thus possible to identify the different phases present in the 
analyzed material comparing the measured diagram with the ones from the powder diffraction files 
(PDF) reported in the JCPDS-ICDD database. We can then get more precise information on the 
materials internal structure such as the lattice distortion, the site occupancy or the internal disorder 
and strain refining the patterns with the software FullProf. 
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With these profile refinements we can calculate parameters such as the crystallites size using the 
area below the diffraction peaks. The profile refinements being achieved with the Thomson Cox 
Hastings – pseudo Voigt approximation, the profiles are described by a convolution of Gaussian 
(normal distribution, G(x)) and Lorentzian (Cauchy distribution, L(x)) components. Those normalized 
components (L’(x) and G’(x)) will then give information concerning the peaks broadening (FWHM or 
H’). Each distribution has a different FWHM: HG and HL and the shape of the Voigt function depend 
on the relative importance of both contributions, see equation (11): 
𝑉(𝑥) = 𝑉(𝑥, 𝐻𝐺 , 𝐻𝐿) (11) 
The pseudo Voigt function, pV(x), approximates the Voigt function where HL and HG are replaced by 
the pair (η, H), equation (12): 
𝑝𝑉(𝑥) = ηL′(x) + (1 − η)G′(x) 𝑤𝑖𝑡ℎ 0 ≤ 𝜂 ≤ 1 (12) 
Equation (12) can then be numerically calculated as equation (13): 
𝐻 =  (
𝐻𝐺
5 + 2.69269 . 𝐻𝐺
4 . 𝐻𝐿 + 2.48243 . 𝐻𝐺
3. 𝐻𝐿
2
+ 4.47163 . 𝐻𝐺
2. 𝐻𝐿
3 + 0.07842 . 𝐻𝐺 . 𝐻𝐿
4 + 𝐻𝐿
5)
1/5
 (13) 
With equations (14) and (15) 
𝐻𝐺 =  
√𝐼𝐺
cos(𝛳)
 (14) 
𝐻𝐿 =  
𝑌
cos(𝛳)
 (15) 
Leading to equation (16) 
𝐻 =  
1
cos(𝛳)
(
√𝐼𝐺
5
+ 2.69269 . √𝐼𝐺
4
 . 𝑌 + 2.48243 . √𝐼𝐺
3
 . 𝑌2
+ 4.47163 . √𝐼𝐺
2
 . 𝑌3 + 0.07842 . √𝐼𝐺  . 𝑌
4 +  𝑌5
)
1/5
 (16) 
Which can be then inserted in the Scherrer formula, equation (17): 
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< 𝐷 > =  
𝐾 . 𝜆
𝐻 . cos (𝛳)
 (17) 
The uncertainties (σD) were calculated with the equations (18) and (19) where σIG and σY are the 
uncertainties on IG and Y determined through the profile refinement. 
𝜎𝐷 =  (
0.94𝜆
𝐻2
) . 𝜎𝐻 (18) 
𝜎𝐻 =  
𝜋
180
 .  √
𝑌
16 𝐼𝐺
2/3
 . 𝜎𝐼𝐺
2 + 
𝜎𝐼𝐺
4 𝑌
 . 𝜎𝑌2 (19) 
II.2.2 Transmission electron microscopy (TEM) 
Two different apparatus were used: 
 A HITACHI H7650 with an accelerating voltage from 80 to 120 kV which can operate in high 
contrast or high resolution. Such apparatus enable to have a resolution of 1 nm according to the 
nature of the material analyzed. In our case, we worked in high resolution mode where the 
magnification can reach x600 000. The detector is a ORIUS SC1000 11MPx (GATAN) camera and we 
used the Digital Micrograph (GATAN) software to acquire the images. 
 A JEOL 2200FS with an accelerating voltage of 200 kV and equipped with a high resolution 
camera. In this case, the resolution is 0.23 nm. Again, the Digital Micrograph (GATAN) software was 
used to acquire the images. 
The first TEM is located at the Bordeaux Imaging Center (BIC) on which I was trained and 
autonomous to do the analyses and the second one is located at PLACAMAT and the high resolution 
analyses were carried out by S. Buffière. 
This technique, based on the interaction between the electrons from the microscope beam going 
through the sample and the ones from the sample itself to create an image, enables to observe the 
nanoparticles in terms of size (to determine their size distribution) and morphology. It is also 
possible, in high resolution mode (HRTEM) to observe the atomic arrangement. This enables to 
discuss the crystallite size calculated from the XRD measurements and see if the nanoparticles are 
monocrystalline. Finally, such analysis gives information concerning the homogeneity of the powder. 
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II.2.3 Spectroscopy 
II.2.3.1 Raman spectroscopy 
The Raman used is a DXR dispersive microscope with a 532 nm wavelength excitation laser operating 
at 8 mW output power. The focus is made with a confocal microscope with a x10 objective, leading 
to a surface analysis of 3.5 μm2. The resolution was 3 cm-1 over a window from 15 to 3550 cm-1. 
The Raman spectroscopy was very important in the case of our study. Indeed, as presented in the 
previous chapter (section I.2.2.2) for the BaTiO3 case, at the nanometer scale, the materials structure 
is modified due to the surface strain leading to a pseudo cubic structure. Contrary to the XRD 
analysis, which represents an average response of the materials diffraction, the Raman technique 
enables a much more local analysis. It is a very sensitive tool to characterize crystal structures and 
phase transitions. Measuring the vibration frequency of a crystal lattice or a molecule (phonons), it 
detects the local dynamic symmetry in small regions (coherence length lower than 2nm) making it 
useful to prove non centrosymmetric local structure in an apparent pseudo-cubic nanopowders. 
II.2.3.2 Fourier transform infrared spectroscopy (FTIR) 
The FTIR measurements were carried out with a Bruker Equinox 55 spectrophotometer. The 
absorption spectra were acquired through 32 scans in a window from 400 to 4000 cm−1, with a 
resolution of 4 cm-1. 
Similarly to the Raman analysis, through the vibration of atomic bonds, it is possible to identify the 
materials fingerprint and so its purity. However, in the present study it is mostly interesting to use it 
in order to characterize the surface properties of our materials. 
II.2.3.3 X-ray photoelectron spectrometry (XPS) 
Two different apparatus were used in this study: 
 ESCALAB VG 220i-XL using Mg Kα as X-Ray source of 1253.6 eV which is not monochromatic. 
The vacuum chamber was set at 10−7 Pa and the analyzed area is a disc with a diameter of 150 μm. 
This equipment only compensates the electronic charges. 
 K-ALPHA using Mg Kα as X-Ray source of 1486.6 eV which is monochromatic. The vacuum 
chamber was set at 10−7 Pa and the analyzed area was a disc with a diameter of 200 μm. This 
equipment which compensates both, the electronic and ionic charges offers a better resolution. 
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In both case the measurements were carried out by C. Labrugère at the PLACAMAT platform and the 
spectra were analyzed with the software AVANTAGE (ThermoFisher Scientific). 
This technique enables an analysis of the materials surface properties through measurement of the 
kinetic energy and number of electrons released after the atomic ionization due to a X-ray 
exposition. Making it complementary to the observation we can do using the FTIR spectroscopy. 
II.2.4 Conclusion 
Combining these different types of analyses, such as XRD, TEM, Raman, FTIR and XPS, which have 
different levels of resolution enables to make complete analysis of the material. In addition, to 
characterize the structure and surface properties of the nanoparticles, we can follow in real time 
their formation in supercritical conditions with the in situ WAXS setup. 
Once the particles are produced and characterized, the next step is to study the ferroelectric 
properties to first improve the basic knowledge and then, see if such material can answer the 
industrial demand in terms of properties. To do these measurements we first have to densify the 
powders into ceramics.  
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II.3 Powders processing and characterizations 
II.3.1 Ceramics 
Performing ceramics will allow us to determine dielectric properties of the ferroelectric 
nanopowders synthesized by supercritical fluids. The choice of the sintering process depends on the 
aimed objectives: reaching the highest density, keeping the initial grain size of the nanopowder, 
controlling composition and defects. 
There is an intimate link between the crystal structure of the particles, the nano/microstructure of 
the ceramics and their dielectric properties. It is thus possible in ceramics to correlate the 
microstructural and dielectric features. The dielectric characteristics depend on the porosity (which 
decreases the dielectric permittivity), the grain size (which can affect the transition temperature, the 
permittivity and losses values), thus the density and the quality of grain boundaries which can be 
considered as defects rich regions. Besides, by its ability to act at several scales, the ceramic 
technology can be a key strategy. Through different adjustable parameters (such as the 
temperature, atmosphere, heating and cooling rates), it is possible to control during the thermal 
treatment the diffusion process, composition gradients, grain growth and defects chemistry. 
According to the solid solution studied and to our objectives, we used either; conventional sintering 
or spark plasma sintering (SPS). The efficiency of SPS to sinter nanomaterials has been fully 
demonstrated. In this fast sintering process the combination of pulsed electric current and uniaxial 
pressure leads to efficient heat transfer. As a result, sintering kinetics are increased. In addition, 
temperature and duration treatment can be significantly reduced compared to conventional 
sintering limiting the available time for grain growth. 
This work was achieved in close collaboration with Dr. C. Elissalde team at ICMCB and Dr. C. 
Estournes team at the “Centre Interuniversitaire de Recherche et d’Ingénierie des Matériaux - 
Plateforme Nationale CNRS de Frittage Flash” (PNF2 / CIRIMAT) from the University Paul Sabatier in 
Toulouse (France). 
II.3.1.1 Powders sintering 
II.3.1.1.1 Conventional sintering 
The first step to make a pellet is to carefully mill the powder in order to break as much as possible 
the aggregates which could later on lead to inhomogeneity and further differential sintering within 
the ceramic. A binder, which is a polymer is added (few weight % of the powder) to enhance the 
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mechanical strength of the raw pellet. The mixture is then poured in 8 mm diameter die and 
uniaxially pressed with a pressure around 1 T/cm2 using a hydraulic press. 
The pellet is then sintered in a furnace under air atmosphere. A first temperature dwell is realized at 
few hundreds degrees (around 500°C) for one hour in order to gently burn out the binder  used to 
make the pellet and let the powder self-reorganize to fill the voids created from the binder. Then the 
temperature is increased up to 1200°C or more for several hours (at least four hours) in order to 
densify the ceramic through a grain growth before cooling the furnace down. 
In such process, the heating and cooling rates are generally around 100 to 300°C/h and the overall 
cycle takes several hours. 
II.3.1.1.2 Spark plasma sintering (SPS) 
As already mention, in comparison to the conventional sintering process, for which the main 
limitation for nanopowders consolidation is the duration of the thermal cycle, SPS enables very high 
heating rates and short dwell times of few minutes, leading to enhanced sintering kinetics. Using this 
technique it is possible to make dense materials keeping the initial grain size of the nanoparticles 
enabling thus to determine size effect, grain boundaries and defects influences on the final dielectric 
properties of the ceramics. 
The powder (without any binder) is loaded in a graphite die, an uniaxial pressure is applied and a 
pulsed electrical current is allowed to pass via electrodes through the die. The heating source is not 
external but the die acts as a heating source (Figure II-7). The sintering is generally carried out under 
reducing conditions (low oxygen partial pressure).  A post annealing in air is usually performed to 
remove surface carbon contamination and to eliminate oxygen vacancies if necessary. However it is 
possible to work in inert atmosphere (argon, nitrogen) and in some very specific cases in air as it is 
actually in development in CIRIMAT –PNF2 Toulouse. 
 
Figure II-7. Sketch and image of a SPS apparatus. 
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Similarly to conventional furnace, it is possible to adjust the sintering atmosphere. However, the 
difference lies in the heating principle. In this case it is brought by a high electric current going 
through the die. This current can be either continuous or pulsed. This enables to quickly reach high 
temperatures (hundreds of °C.min-1) while applying high pressure (hundreds of MPa) leading to 
sintering cycles of few minutes which is much shorter than the conventional case. 
We had access to two different SPS apparatus to carry out the different experiments: 
 At the ICMCB we used a Dr. Sinter 515S machine manufactured by the society SPS Syntex Inc 
and operated by Dr. U-C. Chung. This apparatus has an output pulsed current of 1500 A, a voltage 
ranging from 2 to 20 V and can apply a pressure up to 200 MPa. 
 At the “Centre Interuniversitaire de Recherche et d’Ingénierie des Matériaux - Plateforme 
Nationale CNRS de Frittage Flash” (PNF2 / CIRIMAT) from the University Paul Sabatier in Toulouse 
(France) in a collaboration with Dr. C. Estournes team and, especially G. Chevalier and Dr. R. Epherre. 
The equipment is a Dr Sinter 2080 manufactured by the society SPS Syntex Inc. which can deliver a 
pulsed current of 8000 A with a voltage of 15 V and can apply a pressure up to the GPa. 
II.3.1.2 Ceramic characterization 
Similarly to the powder characterization, XRD is the first analysis to be performed on the ceramic in 
order to see if there are any variations in terms of purity, composition and grain size resulting from 
the sintering. Then, it is also necessary to determine the ceramics density, using a pycnometer. 
Dielectric measurements and microstructural studies using scanning electron microscopy (SEM) are 
then performed. 
II.3.1.2.1 Dielectric measurements 
The measurements were carried out with an automatic Wayne-Kerr 6425 impedance bench 
developed at ICMCB in a frequency range from 100 Hz to 200 kHz. Gold electrodes are deposited on 
two parallel faces of the ceramic and the real and imaginary contributions of the permittivity; Ɛ’ and 
Ɛ”, are respectively determined from the measured values of capacitance (C) and losses (tan δ) from 
equations (20) and (21): 
Ɛ′ =  
𝐶. 𝑒
Ɛ0. 𝑆
 (20) 
Ɛ" =  Ɛ′. 𝑡𝑎𝑛 𝛿 (21) 
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Where Ɛ0 is the vacuum permittivity (Ɛ0 = 8.854187.10
-12 F.m-1), S is the surface of the electrodes (in 
m2), e the thickness of the dielectric material (in m). The contribution from the measurement 
apparatus is removed through its calibration in open circuit. 
The first step is the deposit of thin layer of gold on the ceramic, using physical vapor deposition, to 
make the electrodes. Then we used the setup described in Figure II-8. 
 
Figure II-8. a) sketch of the dielectric measurement cell, b) image of the open cell and c) image of the closed 
cell. 
After the calibration the ceramic is placed between the two nickel electrodes in a quartz cell to 
control the atmosphere during the measurements. It can either be vacuum or helium, which is more 
conductive, enabling to start the measurements from a lower temperature (≈ 100 K). The sample is 
preliminary heated up to 150°C to evaporate, and absorbed with a nitrogen trap, any traces of water 
which can parasite the measurements. The cell is then cooled down putting it into a liquid nitrogen 
bath and progressively heated up using a tubular oven mounted on it, with a heating rate of 1°C.min-
1. The measurements are performed for different frequencies while the sample is heated. 
For this work, the characterization setup was mainly operated by M. Albino and J. Macaigne at 
ICMCB. 
II.3.1.2.2 Microstructure analysis with scanning electron microscopy (SEM) 
There were four apparatus accessible: (1) a JEOL 6360A at ICMCB with an accelerating voltage from 
0.5 to 30 kV and a magnification up to 30000 operated by M. Albino, (2) a JEOL JSM 6700F which is a 
high resolution one with an accelerating voltage from 0.5 to 30 kV and magnification up to 650000 at 
PLACAMAT and operated by S. Buffière, (3) another JEOL JSM 6700F operated by A. Weibel and A. 
Peigney at the Toulouse center of micro characterization(UMS Raimond Castaing) and (4) a JEOL JSM 
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7800F Prime which is a high resolution one with an accelerating voltage from 1 to 30 kV and 
magnification up to 1000000 6700F operated by A. Weibel and A. Peigney at the Toulouse center of 
micro characterization(UMS Raimond Castaing). 
This technique, based on the interaction between the electrons from the microscope beam and the 
sample enables to observe the microstructure and homogeneity of ceramics in terms of grains size, 
composition and porosity. This is possible through different types of electron – material interactions: 
 Secondary electrons providing information concerning the material morphology. 
 Backscattered electrons, giving a chemical contrast which enables to observe the ceramics 
homogeneity in term of composition. Indeed, the lighter elements providing less backscattered 
electrons, appear darker. 
 Photon X, with characteristic energies for each element, enables also to see the homogeneity 
within the ceramic. This analysis is known as energy dispersive spectrometry (EDS). 
II.3.2 Nanocomposites 
For this part of the study, the processing and characterization of the composites were performed in 
collaboration with Dr. I. Bord-Majek and M. Wade at the institute of Integration Materials to System 
in Bordeaux (IMS - CNRS) and with Prof. R. Jakoby, Dr. Yuliang Zheng and L. Donghang at TU 
Darmstadt in the Institute for Microelectronic and Photonic (Germany). 
II.3.2.1 Strategy 
This part is a preliminary work in order to develop a method to easily characterize the ferroelectric 
properties of the produced nanocomposites. Unlike ceramics, making coplanar capacitors with the 
composites may not be the best strategy. Indeed, the electrodes cannot be deposited using the 
sputtering methods because the temperature during the process tends to melt the polymer making 
inhomogeneous electrodes. The idea is thus to deposit the composite on the electrodes before 
stacking them. However, with such method, two main issues appear; (1) the control of the 
nanocomposite thickness and (2) we often traps air bubbles at the interfaces. To overcome these 
problems we chose to work on inter digital capacitors (IDC) structures. In this case, the two 
electrodes being on the same substrate, we deposit the composite on top of them using screen 
printing enabling a deposit with a controlled thickness and without any air bubbles. Nevertheless, 
we obtain with this type of structure, results which are a combination of the material and substrate 
contributions. It is thus necessary to use a substrate with the lowest dielectric contribution possible 
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and the best candidate is glass (Ɛ ≈ 3). It was compulsory to first measure the structure alone before 
making the deposit. 
II.3.2.2 Composite processing 
At this step of the study, the elaboration process of the composite is very simple. It consists in 
mixing together a known amount of powder with a polymer and use ultrasounds during 30 minutes 
to get a homogeneous dispersion. 
II.3.2.3 Composite characterization 
A thin layer of metal, such as gold, is deposited on a substrate using physical vapor deposition and 
patterned with the photolithography process to make the IDC structure. Then, using a mask, the 
composite is deposited on the IDC structures using screen printing. The mask has a thickness of 50 
μm patterned to leave an open space to make the deposit on the IDC structure while protecting an 
access to the electrodes for the measurements. 
Once the capacitor is made we can then perform room temperature measurements scanning both, 
the voltage and the frequency up to 100 GHz (Figure II-9). The experiment is carried out at TU 
Darmstadt in the research group of R. Jakoby by Y. Zheng and D. Lu. 
 
Figure II-9. Illustration of the high frequency (HF) apparatus to measure the composites using a IDC structure. 
In this case the IDC structure is in gold and the substrate in alumina and not glass. In addition, the 
composite is only dropped on the structure we thus do not control the layer thickness. 
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With such capacitor configuration, it can be difficult to extract precisely the exact value of the 
composite dielectric constant knowing that the measurement gives a combination of both: the 
substrate and the composite. It is thus necessary to use substrates with the lowest dielectric 
properties like the glass. 
II.3.3 Conclusion 
Having access to both type of sintering, conventional and fast, enables us to perform a wide and 
complete study of the produced powders. On one side, using the conventional sintering we can 
prove the accuracy of the synthesis comparing the dielectric properties of the ceramics to the bulk 
ones from the literature. On the other hand, we can use fast sintering to produce nanostructured 
ceramics keeping the starting grain size. After checking the microstructure with HRSEM we can study 
the effect of grains size and, ceramic density and homogeneity on the dielectric properties. 
Thanks to this fast sintering technology, it is then possible to move towards the development of 
hybrids nanocomposites since we know the starting value of the permittivity brought by the 
nanoparticles. The process presented for characterizing the nanocomposite properties is a method 
enabling a first and reliable analysis of the different types of composites we can make. It is thus easy 
to rank them according to their performances and determine which ones are the best before going 
to the integration step.  
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II.4 Conclusion of Chapter II 
Putting together all these methods we can achieve a deep study of both, nanopowders and 
ceramics. Using different analyses such as XRD, FTIR, Raman, TEM, XPS we can do a complete study 
of the materials characteristics in terms of size, size distribution, morphology, purity, crystallinity, 
defects and surface properties. This also gives us information concerning the internal strain due to 
the size effect. Combining both, these results with in situ WAXS synchrotron analyses which enable 
to follow in real time the particles formation, we can then get a good understanding of the 
nanomaterials formation mechanisms in supercritical fluid conditions. 
Once this step is achieved we can then move towards the nanopowder processing as a ceramic. This 
enables to either characterize the bulk properties of the materials using conventional sintering or to 
study the intrinsic properties of the materials at the nanoscale using fast sintering. We can then 
achieve a preliminary study on composites made with the produced particles. To do that we chose 
to use the IDC structure instead of the coplanar one which was the one used for the ceramics 
characterizations. With this structure it is more difficult to get a precise value of the composite 
properties as we also measure the substrate. However, using every time the same design we can 
then easily rank the different types of composites. 
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As already discussed in chapter I, at the nanoscale, it becomes essential to identify, understand and 
control the correlation between the material characteristics and their ferroelectric properties. That 
is why, in the following chapter, we are first going to investigate the synthesis part with two main 
objectives: 
 Based on previous researches achieved in our group concerning BaTiO3 and BST syntheses in 
supercritical fluids [159,189,190,209,215] we are going to study their formation mechanisms 
coupling ex situ characterizations such as XRD, FTIRD, Raman and TEM with in situ synchrotron wide 
angle X-ray scattering (WAXS) analyses. 
 Then we are going to extend this study towards the synthesis of the entire solid solution from 
BaTiO3 to BaZrO3. In this case it is the site B which is impacted by the substitution of the titanium 
cation with the zirconium one, which is bigger and more refractory. That is why using conventional 
syntheses routes it is difficult to replace more than 40 % of titanium with it. Nevertheless, we were 
the first to demonstrate the synthesis of the entire solid solution using the supercritical fluid 
technology. 
III.1 Synthesis of BaTiO3 nanoparticles 
III.1.1 Experimental conditions 
III.1.1.1 Materials 
The choice of solvent and metal precursors is of critical importance. Based on the knowledge 
developed in our group we chose to operate with alkoxides and more precisely isopropoxides: 
Mn+[O-iC3H7]n where M = Ba
2+, Sr2+, Ti4+ or Zr4+. 
From this choice of precursor results the type of solvents. It is well known that isopropoxides are 
reactive with water to undergo a sol-gel reaction; we must consequently prepare the precursors 
solutions in anhydrous alcohols. However, some water will have to be added at some point of the 
process to initiate the sol-gel reaction. This leads to the choice alcohol / water mixtures as solvent 
for the reaction, in particular the ethanol / water one. Moreover, it was shown that adjusting the 
molar ratio between ethanol and water enables to optimize the crystallinity of the synthesized 
nanoparticles. This adjusted ratio was xethanol = 0.29 presenting a supercritical point at TC= 305°C and 
13 ≤ PC≤ 17 MPa, than the one of pure water (Tc= 374◦C and Pc= 22.1 MPa) [173]. 
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III.1.1.2 Method 
III.1.1.2.1 Preparation of the precursors solution 
Because of their water sensitivity, the alkoxides precursors are stored in a glove box. The precursors 
are weighted following a barium to titanium molar ratio of 1 and the concentration of the Ti4+ (or 
Ba2+) in anhydrous ethanol can be varied at will. However, taking into account the processability, an 
optimized concentration in barium and titanium of 3.10-2 mol.L-1 was chosen. The solution is stirred 
in a hermetically closed bottle for at least 30 minutes prior to the injection. This procedure is 
compulsory to avoid any contamination of the precursor or the initiation of the sol-gel reaction 
which would be incompatible with the injection system. 
III.1.1.2.2 Experimental conditions 
Two injection lines are necessary: one for the precursor solubilized in ethanol and the other for 
water. The water line was preheated at 150°C before being mixed with the precursor solution to 
faster the heating rate inside the reactor. However the precursor line was kept at room temperature 
to avoid side reactions. The temperature and pressure within the 24 m tubular reactor were 
respectively set at 400°C and 23 MPa. The flow rate of both injection lines was 6 g.min-1 enabling to 
have a turbulent flow (Re > 3000) of a solvent mixture with xethanol = 0.29 inside the reactor in order 
to synthesize fully crystallized nanoparticles (see section I.5.2) with a narrow size distribution 
(section II.1.2.3). 
It is important to note that based on these flow rates, the concentration in precursor inside the 
reactor drops to approximately 1.3.10-2 mol.L-1. 
As we can see inFigure III-1, with an overall flow rate of 12 g.min-1, experimentally, the temperature 
profile within the reactor first increased from 150 to 400 °C along the first six meters of the reactor 
and then stayed at 400 °C for the remaining 18 meters.  
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Figure III-1. Temperature profile within the reactor in our operating conditions 
From this we were able to calculate, using the NIST software Refprop, the densities of the solvent for 
each temperature range and so the corresponding residence time with the equation (10) developed 
in section II.1.2.3. 
Based on this, the overall residence time of the particles was estimated to be 53 seconds. In 
addition, using the viscosity values calculated with AspenTech software, we could estimate the 
variation of the Reynolds number. We can see that the flow type model is laminar in the first 1.5 m 
of the reactor, then it is intermediate (between 1.5 and 3 m) and finally it is turbulent from 3 m up to 
the outlet of the reactor. 
Table III-1. Variation of solvent density across the reactor length with the corresponding residence time. 
Reactor 
section (m) 
Length 
(m) 
Average 
temperature 
(°C) 
Density 
(kg.m-3) 
Viscosity 
(Pa.s) 
Reynolds 
number 
Residence 
time (s) 
0 – 1.5 1.5 230 719 1.039.10-4 1561 10.4 
1.5 – 3 1.5 330 483 6.075.10-5 2670 7.0 
3 – 4.5 1.5 360 253 3.567.10-5 4548 3.7 
4.5 – 6 1.5 380 194 3.311.10-5 4899 2.8 
6 -24 18 400 167 3.311.10-5 4899 29.1 
TOTAL 24 / / / / 53 
The powders are recovered directly in solution after the back pressure regulator and filtered, 
washed with ethanol and dried at room temperature before characterization. With such 
experimental conditions we are able to produce around 2 to 3 g.h-1 of powder. 
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III.1.2 BaTiO3 nanoparticle characterizations 
Once the particles are synthesized we can then characterize their purity, crystallinity, defects and 
surface properties with the use of different analyses such as XRD, HRTEM, Raman and FTIR. In 
addition, combining these analyses with in situ synchrotron WAXS we can improve our 
understanding of the formation mechanism occurring in the supercritical reactor. 
III.1.2.1 BaTiO3 nanopowder characteristics 
Figure III-2 presents the XRD pattern of the synthesized BaTiO3 powder acquired with the 
monochromatic diffractometer apparatus. First of all, there are no extra peaks in the pattern 
confirming the synthesis of pure BaTiO3. However, there is no splitting of the (002) / (200) peak at 
2ϴ ≈ 45° which tends to indicate a cubic structure. This is usually observed for BaTiO3 nanoparticles 
where the size effect is generally considered as responsible for the loss of tetragonality. This last 
point will be discussed later in the study. 
To have a better insight concerning the material purity FTIR analysis of the BaTiO3 nanoparticles was 
performed (Figure III-3). First, we observe the presence of the BaTiO3 fingerprint through the 
existence of two bands between 400 and 800 cm-1. With this analysis we can also observe the 
presence of organics pollutions at the surface of our particles based on the presence of bands 
between 1000 – 1200 and 2800 – 3000 cm-1. The organics traces result from the alkoxide precursors 
presenting a carbon skeleton which is partially deposit at the surface of the particles during the 
synthesis. 
 
Figure III-2. XRD pattern of a typical BaTiO3 powder synthesized in our supercritical conditions. 
Moreover a band around 1440 cm-1 can be either attributed to a slight BaCO3 pollution or to some 
organic pollution [96,117,155,159,216]. Finally the analysis probes the presence of –OH defects 
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which can be divided into two categories; (1) surface –OH defects with two narrow bands at 1350 
and 1590 cm-1 and a wide band from 2600 to 3700 cm-1 and (2) structural –OH defects with two 
narrow bands at 1630 and 3520 cm-1. It is not surprising to find these kinds of defects which are 
characteristic of the wet synthesis routes [99,124–126,128,133,137–142]. 
 
Figure III-3. FTIR spectrum of the BaTiO3 powder synthesized in our supercritical conditions. 
The HRTEM images Figure III-4a show that the produced BaTiO3 nanoparticles are more or less 
spherical. The average size of the particles was estimated as being around 20 ± 6nm measuring over 
more than 150 particles on different TEM images (Figure III-4c). Finally, based on the HRTEM image 
Figure III-4b showing the presence of lattice fringe along the entire particles, we confirm taht the 
produced nanoparticles can be considered as monocrystalline. 
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Figure III-4. a) and b) HRTEM images of the BaTiO3 powder, c) average size and size distribution measured from 
TEM images. 
Based on these analyses the BaTiO3 particles can be considered as quasi pure with an average size of 
20 ± 6 nm. However, complementary analyses are necessary to investigate the particles crystallinity 
and determine if, at this scale, the phase is cubic or pseudo cubic. 
III.1.2.2 BaTiO3 crystallite size 
Figure III-5 presents a profile refinement, using the FullProf Suite, of a typical XRD pattern acquired 
on BaTiO3 nanopowder and Table III-2 summarizes the results. 
 
Figure III-5. FullProf profile refinement of the BaTiO3 XRD pattern. 
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Even if the BaTiO3 crystal structure appears to be cubic, knowing that the bulk BaTiO3 is tetragonal at 
room temperature and, as mentioned in I.2.2.2, the literature being contradictory concerning the 
size effect on the material structure, especially concerning the size at which the nanoparticles lose 
their tetragonality, we decided to use the P4mm space group to describe the crystalline structure. In 
this case the lattice parameter c has a degree of freedom compared to the a and b parameters which 
must remain equals. A good match is observed between the XRD pattern in red and its fit in black. 
This confirms both, a high quality material and an accurate profile refinement. 
Table III-2. Results obtained from the BaTiO3 XRD pattern refinement compared with lattice parameters of the 
bulk BaTiO3 from the (ICSD database reference 27974). 
Parameters Values Uncertainties Bulk BaTiO3 
Cell parameter (Å) 
a = b = 4.0080 0.0001 a = b = 3.9923 
c = 4.0236 0.0001 c = 4.0349 
c / a = 1.0039 - c / a = 1.0107 
Scale factor 1.0243.10-2 3.5.10-5 - 
Y 0.22708 0.00281 - 
IG 0.08715 0.00096 - 
Overall Biso (Å
2) 0.27176 0.01539 - 
Bragg R-factor 2.39 - - 
Rf -factor 0.849 - - 
Chi2 2.71 - - 
Using the Y, σY, IG and σIG values in Table III-2 and the Scherrer equations developed in the section 
II.2.1.3, the crystallite size was estimated as being 19 nm with an error below the nanometer which 
is in very good agreement with the average size of 20 nm measured on the HRTEM images (Figure 
III-4 b). 
Based on these results, it is possible to confirm that the particles are monocrystalline. However, the 
structure of the particles, which is dependent of the synthesis route used, remains unclear. 
III.1.2.3 Study of the BaTiO3 crystalline structure 
III.1.2.3.1 Lattice distortion 
On one hand, based on the FullProf profile refinement of the BaTiO3 powder (Figure III-5 and Table 
III-2), the cell parameters were calculated as being a = b = 4.0084 Å and c = 4.0228 Å giving c/a ≈ 
1.0039. On the other hand, If we look at the lattice parameter values of the bulk BaTiO3 (ICSD 
database reference 27974), a = b = 3.9923 Å and c = 4.0349 Å giving c/a ≈ 1.0107. The decrease of 
c/a from 1.0107 to 1.0039 clearly confirms a loss of tetragonality. Indeed there is a broadening of 
the a and b parameters and a shrinkage of the c one. Smith and al. [89] studied this trend analyzing 
the c/a ratios variation for three different sizes of particles: 26, 45 and 75 also measured on TEM 
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images. Figure III-6 presents the corresponding c/a ratio evolution with BaTiO3 nanoparticles size 
which is reported in green with in addition the case of our study in orange. This trend is confirmed, 
suggesting a loss of tetragonality decreasing the particles’ size as mentioned in the literature and 
leading to the notion of pseudo cubic structure (see section I.2.2.2). 
 
Figure III-6. c/a ratio evolution as a function of the BaTiO3 particles size. 
As already discussed in section II.2.3.1, contrary to the XRD analysis which represents an average 
response, the Raman technique enables a local analysis. It is a very sensitive method suitable to 
characterize crystal structures, especially to observe non centrosymmetric local structure in 
apparent an apparent pseudo-cubic nanopowders.  
The Raman analysis of our BaTiO3 nanoparticles is presented in Figure III-7. It exhibits the active 
modes at ≈ 305, 520 and 720 cm-1 characteristic of the tetragonal phase among other active modes 
at: 180, 270, 480 and 810 cm-1. This is in agreement with other studies where the same active modes 
were identified [217–219]. Nevertheless, we do not observe the active mode around 1080 cm-1 
characteristic of the BaCO3 presence, identified with the FTIR analysis in Figure III-3. 
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Figure III-7. Raman analysis of the BaTiO3 powder exhibiting the existence of a tetragonal phase at room 
temperature. 
As reported by Smith et al. [89], a part of the other active modes (180, 270 and 480 cm-1) can be 
attributed to some disorder associated with the Ti off-centering. This off centering is associated to a 
high surface strain applied within the structure for particles at this size range. The disorder is 
illustrated Figure III-8 with the use of dark and bright field transmission electron microscopy (TEM) 
images [100]. There, the variations of contrast across a single particle corresponds to a variation of 
strain within it. 
 
Figure III-8. TEM bright and dark field images of four individual BaTiO3 nanocrystals with different contrasts: (a) 
nearly half-bright color and half-dark color contrast; (b) bright color dominant contrast; (c) equal bright-dark 
color contrast with nearly homogeneous distribution; and (d) dark color dominant contrast [100] Copyright © 
2000, Elsevier. 
Combining XRD with Raman analyses enables to demonstrate a coexistence of the cubic and 
tetragonal phases at the nanoscale. Subsequently, a core shell model was developed to present how 
these two phases are organized inside the particles. 
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From the literature, we know that the identified strain within nanoparticles of such size leads to 
changes in the domains structure, which is going to reduce the displacement ability of the titanium 
inside the cell [89–91]. This is a critical parameter concerning the intrinsic properties of the material 
since it will block the phase transitions and decrease the ferroelectric properties. Moreover, using 
FTIR (Figure III-3) and Raman (Figure III-7) analyses we pointed out the presence of –OH defects in 
our nanoparticles which are characteristic of wet synthesis routes such as sol-gel [220–222], 
hydrothermal [3,4,93,100,101,223] or supercritical [156–159,189] processes. They are reported as 
leading to the creation of barium vacancies at the surface of the particles in order to maintain the 
electroneutrality of the structure [94,95] which stabilize a cubic phase at the surface of the particles 
[96]. These observations tend to confirm the hypothesis of a core-shell model, where the core of the 
particle is tetragonal, surrounded with a cubic shell, also called “dead layer” (see the section I.2.2.2) 
[2,92,93]. Nevertheless, one question is remaining concerning the thickness of this dead layer. 
Indeed, since it depends on the vacancies, it also depends on the synthesis route. Moreover, we can 
find some extensions of this theory, in particular the notion of a lattice strain layer gradient leading 
to double layer configuration. In this case, the core of the particles is tetragonal and the external is 
shell cubic, with in between a gradient of lattice strain layer (GLSL) presenting a gradient of 
tetragonality [97,98]. 
The next step is then to achieve a deeper study in order to understand what are the key parameters 
governing the BaTiO3 nanoparticles nucleation and growth in supercritical fluids. 
III.1.3 Study of BaTiO3 nanoparticles formation in supercritical fluid conditions 
Working in collaboration with Prof. B. Iversen from Aarhus University (Denmark) and using the setup 
they developed ( see section II.2.1.2) [214], we were able to achieve some in situ synchrotron WAXS 
analyses under high pressure and temperature conditions to observe how the particles grow during 
the supercritical synthesis. 
III.1.3.1 Materials and method 
Similarly to the section III.1.1, we used barium and titanium isopropoxides precursors and the 
reaction was carried out in an ethanol / water mixture (xethanol = 0.29). 
The parameters analyzed in this study were the synthesis temperature and precursor concentration 
effects on the growth behavior of the BaTiO3 nanoparticles (Table III-3). 
Table III-3. Experimental conditions for in situ synchrotron WAXS analysis of the BaTiO3 synthesis. 
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Experiment 
n° 
T (°C) C (mol.L-1) P (MPa) Composition 
Synthesis 
duration (min) 
1 400 0.2 
23 BaTiO3 > 20 
2 150 0.2 
3 400 0.04 
4 400 0.5 
III.1.3.2 Data integration 
The first step of the data treatment is to integrate the raw 2D frames into 1D data using Fit2D [224]. 
As shown in Figure III-9a the data integration begins with the summation of all the powder 
diffraction patterns acquired during the experiment, in this case at least 250 frames (one frame 
being acquired every five seconds). Comparing with Figure III-9b we can see the diffraction circles of 
the BaTiO3 nanoparticles formed during the synthesis, where the darker circles are the most intense 
ones, fit with the BaTiO3 powder XRD pattern achieved in section III.1.2.1 (Figure III-2). This confirms 
the suitability of the protocol for the in situ study. 
 
Figure III-9. a) Summation of the first 250 frames acquired in the case of BaTiO3 synthesis at 400°C and 23 MPa 
(see experiment n°1 Table III-3) exhibiting extra shape classified with colored arrows. b) BaTiO3 powder XRD 
pattern achieved in section III.1.2.1 (Figure III-2). 
In addition some other shapes, which are not related to the BaTiO3 diffraction pattern, appear and 
are marked with arrows of different colors: 
 The red arrow is associated to the beam stop of the setup protecting the detector from the 
synchrotron beam center. 
 The orange arrow shows the “shadow” from the sapphire capillary where the reaction is 
carried out. 
 The green arrows are diffraction spots from the single crystalline sapphire capillary. 
 The blue arrows are related to some extra “shadows”. 
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Because they do not belong to the BaTiO3 diffraction pattern it is thus necessary to mask them 
before processing to the raw 2D frames integration into 1D data. Prior to the integration it is also 
necessary to set parameters such as the distance between the capillary and the detector, the 
coordinate of the synchrotron beam center, the wavelength of the synchrotron beam and the tilt 
angles which are required for the Fit2D data processing [224]. The sample to detector distance was 
calibrated fitting with an ellipsoid function the diffraction circles of a standard NIST LaB6 capillary 
measured in the same position of the sapphire one. The three other parameters (the coordinate of 
the synchrotron beam center, the wavelength of the beam and the tilt angles) were determined 
fitting the most intense diffraction circle of the analyzed sample (the second one from the center). 
Once all these steps are fulfilled, it is then possible to proceed the data integration. 
III.1.3.3 Data analysis 
The data were then treated with the FullProf Suite. The profile refinements employed the 2θ-range 
from 12 to 38, with the background modeled using linear interpolation between 40 to 70 points with 
refinable height. The tetragonal cell being almost cubic (see section III.1.2.3) and the combination of 
the large instrumental broadening with broadness of the peaks from the particle size did not allow 
to distinguish between cubic and tetragonal space groups we thus chose to use the Pm3m one [225]. 
The Thompson-Cox-Hasting formulation of the pseudo-Voigt function was applied to describe the 
peak profiles [226]. Before analyzing the sample broadening, the total peak broadening was 
corrected from the instrumental contribution. It was determined by peak shape analysis of the 
diffraction pattern measured on a NIST LaB6 sample. The particle size (<D>) was calculated with the 
Scherrer equations (see section II.2.1.3). 
III.1.3.4 In situ study of the BaTiO3 synthesis at 400°C and 23 MPa 
This experiment corresponds to the n°1 of Table III-3, which mimic the pressure and temperature 
conditions of the flow reactor. However, the precursor concentration in the ethanol / water mixture 
(C in mol.L-1) for the in situ study was higher than for the ex situ synthesis (see section III.1.1) in 
order to have a good scattering data. It is important to note that for the BaTiO3 synthesis with the 
flow setup at ICMCB, the concentration cannot be as high to avoid clogging problems. 
Figure III-10a is a 3D representation showing the superimposition of all the WAXS patterns acquired 
every five seconds during the experiment n°1 of Table III-3 (BaTiO3: T = 400°C, P = 23MPa and C = 0.2 
mol.L-1) and Figure III-10b is the 2D representation of four diffraction patterns selected at a given 
time of the experiment (0, 5, 10 and 1200 seconds) after data integration. 
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Figure III-10. Data processing in the case of the BaTiO3 synthesis at T = 400°C, P = 23MPa and C = 0.2 mol.L
-1
: a) 
3D representation showing the superimposition of all the WAXS patterns, b) 2D representation of 4 WAXS 
patterns 
At t = 0 seconds there are no diffraction pattern showing that the precursors are amorphous. 
However, after only five seconds, the BaTiO3 diffraction peaks start to appear and after ten seconds 
the pattern is already well defined. Later in the experiment, after 20 minutes, the intensity of the 
pattern grew and the peak positions were shifted to higher 2ϴ positions. 
Figure III-11 highlights two examples of WAXS pattern refinements: after 10 seconds which 
correspond to the early stage of the BaTiO3 nanoparticles formation (Figure III-11a and b) and after 
20 minutes when the BaTiO3 nanoparticles are supposed to be fully grown (Figure III-11c and d). 
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Figure III-11. BaTiO3 a) FullProf profile refinement of the WAXS pattern after 10 seconds of analysis, b) 
corresponding refined parameters, c) FullProf profile refinement of the WAXS pattern after 1200 seconds of 
analysis, d) corresponding refined parameters. 
Refining all the WAXS patterns acquired during the experiment enables to follow the variations of 
parameters such as: the scale factor, the unit cell parameter, the Gaussian and Lorentzian size 
broadening contributions (directly related to the particles size variation), the Debye-Waller-factors 
for barium and titanium and the instrumental zero point. Figure III-12 represents the evolution of 
some of these parameters with time. 
Barium titanate based nanoparticles in supercritical fluids: towards an understanding of formation mechanisms 
109 
 
 
Figure III-12. In situ of the BaTiO3 synthesis at 400°C and 23 MPa (experiment n°1 Table III-3): a) BaTiO3 
particles growth with time, b) BaTiO3 cell parameter variation with time, c) Debye-Waller factor variation with 
time [204]. 
From Figure III-12a we can see that the main growth of the particles happens during the first 1-2 
minutes, revealing a fast transformation of the precursor.  Then a second growth regime, which is 
much slower, appears leading to particles with a final size of 19 nm. The zoom on the first 60 
seconds demonstrates that, similarly to the ex situ crystallite size calculation, the estimated 
uncertainties remain small, below the nanometer. The secondary growth regime resulted from 
consumption of the remaining precursor according to Arrhenius law. In the literature different 
models exist to fit the growth of the particles, for example there is the Lifshitz Slyozov Wagner 
theory equation (22). 
𝐷(𝑡) =  𝐷0  +  𝑘. (𝑡 −  𝑡0)
N (22) 
Where D0 is the particle size at time t0, k is a constant dependent on the microenvironment and N 
depends on the reaction mechanism. If it close to 1/3 the reaction is supposed to be limited by the 
diffusion and if it close to ½, the reaction is limited by the surface [227,228]. The problem of such 
model is that it is based on “classic” chemistry principles. However, in this case, it is well establish 
that the physical properties of the fluids change drastically making the model uncertain. On this 
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point, there are still efforts to make in order to develop new and reliable model adapted to these 
specific conditions. That is why in the case of this study we are just going to roughly determine the 
particles growth rate making linear regressions on the slopes of the curves. The growth evolution 
can be fitted with two linear regressions, from 0 to 60 seconds and 120 to 500 seconds, and in both 
cases the correlation coefficients were above 0.95. At the beginning (first minute), the synthesis is 
very fast with a growth rate estimated at a value around 8.9 nm/min but subsequently, it decreases 
down to 0.1 nm/min. 
The disorder associated with the Ti off-centering to the size effect highlighted by Smith et al. [89] 
and observed with the Raman analysis in Figure III-7 was observed in the in situ study through the 
isotropic Debye-Waller factor (Biso) evolution for the titanium atom (Figure III-12c). The titanium Biso 
values were very high (around 4 Å2) at the earlier stage of the synthesis then decreased rapidly 
towards a constant value around 2 Å2. However this last value was still high compared to the barium 
Biso and to the literature which gave values below 1 Å
2 for “bulk” BaTiO3 [229–232]. This decrease of 
Biso value for the titanium can be associated with an ordering of the BaTiO3 nanoparticles structure 
illustrated in Figure III-12b through the decrease and stabilization of the cell parameter with time. It 
also explains the shift of the WAXS patterns to higher 2ϴ during the synthesis (Figure III-10). 
Similarly to the crystallite size calculation, the uncertainties remain small, thus, in the following 
results, the uncertainties won’t be plot. 
III.1.3.5 Effect of experimental conditions on BaTiO3 growth 
Once the mimic of the flow reactor was achieved we studied the effect of other parameters such as 
the effect of the temperature or the precursor concentration on the BaTiO3 growth (Table III-3 
experiments n°2, 3 and 4). The main effect observed of these parameters on the BaTiO3 
nanoparticles synthesis was the particles growth behaviors (Figure III-13). 
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Figure III-13. In situ study of the BaTiO3 particles growth with time according to a) the temperature and b) the 
precursor concentration. 
Figure III-13a presents the BaTiO3 nanocrystals growth according to two different temperatures: T = 
150 °C leading to subcritical conditions (solvent’s supercritical point at T = 305 °C and 13 ≤ PC ≤ 17 
MPa [173]), and T = 400 °C where the solvent is in supercritical conditions. As in the case of 
supercritical conditions already described, the growth in subcritical conditions is fast and after less 
than one minute the particles are fully grown. However, in the later cases, the final particle sizes is 
smaller (14 – 15 nm against 19nm) and the secondary growth regime becomes negligible suggesting 
that a part of the precursor did not react. Thus, the supercritical fluid conditions tend to favor the 
particles growth. 
In the case of Figure III-13b it is the effect of the precursor concentration on the particles growth 
which is highlighted. It shows that increasing the precursor concentration from 0.04 to 0.5 mol.L-1 
tends to lower the growth of the particles. This trend can be explained by the nucleation and growth 
theory developed by V. LaMer and R. Dinegar [233] and illustrated in Figure III-14 [234]. For the 
three experiments, the concentration minimum (Cmin) is reached enabling the BaTiO3 nanoparticle 
nucleation. 
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Figure III-14. Nucleation and growth theory [234]. 
While the nucleation occurs, the precursor concentration decreases, and if the starting 
concentration was just above Cmin, the limit will be rapidly crossed back, stopping the nucleation. The 
particles growth can then take place consuming the remaining precursor, which is what happens for 
the experiment n°3 of the Table III-3 where the starting concentration is 0.04 mol.L-1. If the starting 
concentration is increased, the nucleation will be more important, thus, more precursor will be 
involved in the nucleation mechanism decreasing the amount of remaining precursor contributing to 
the growth. Consequently the final size of the particles decreases (case of the experiment n°2 of the 
Table III-3 where the starting concentration is 0.2 mol.L-1). Finally, if the starting concentration is too 
high, all the precursor will be consumed in the nucleation step leading to burst nucleation (case of 
the experiment n°4 of the Table III-3 where the starting concentration is 0.5 mol.L-1). 
III.1.4 Conclusion 
Based on various ex situ characterization techniques we were able to demonstrate the synthesis of 
high quality BaTiO3 nanoparticles using supercritical fluid technology. With XRD, FTIR and TEM 
analyses we were able to demonstrate the synthesis of pure and more or less spherical 
nanoparticles of 20 ± 6 nm. Then, combining the FullProf profile refinement of the XRD pattern with 
HR – TEM we could confirm that the particles were indeed monocrystalline. Finally, based on the 
FullProf profile refinement of the XRD pattern and Raman analysis we were able to observe a good 
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match between our nanoparticles structures and the core shell models developed in the literature 
and presented in the section I.2.2.2. 
Then combining these results with in situ WAXS analyses we could get access to real time 
information concerning the nanoparticles formation in such conditions. We confirmed that the 
reaction kinetic was very fast, with nanoparticles fully grown in less than two minutes. In addition, 
we saw through the Biso analysis that the titanium atoms are responsible for the structural disorder 
which is in agreement with the Raman analysis (Figure III-7) and Smith et al study [89]. We were also 
able to identify the temperature and concentration in precursor as being a key to control the size of 
the produced nanoparticles. 
The next step of the study is now to extend these results concerning BaTiO3 nanoparticles formation 
towards two of its solid solutions Ba1-xSrxTiO3 (with 0 ≤ x ≤ 1 - BST) and BaTi1-yZryO3 (with 0 ≤ y ≤ 1). 
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III.2 Synthesis of Ba1-xSrxTiO3 (with 0 ≤ x ≤ 1 - BST) nanoparticles 
III.2.1 Experimental conditions 
The synthesis procedure was identical to the one for BaTiO3 nanoparticle synthesis (see section 
III.1.1) except that a part of the barium isopropoxide precursor was replaced with strontium 
isopropoxide. Table III-4 summarizes the different BST compositions which were produced where C 
is the concentration in mol.L-1 of the titanium (or barium + strontium) inside the reactor. 
Table III-4. Experimental conditions for BaTiO3 – SrTiO3 solid solution synthesis. 
Experiment n° Composition Solvent C (mol.L-1) T (°C) P (MPa) Residence time (s) 
1 BaTiO3 
ethanol/water 
xethanol = 0.29 
0.013 400 23 53 
2 Ba0.8Sr0.2TiO3 
3 Ba0.6Sr0.4TiO3 
4 Ba0.4Sr0.6TiO3 
5 Ba0.2Sr0.8TiO3 
6 SrTiO3 
Changing the ratio between barium and strontium enables us to produce the entire solid solution, 
from BaTiO3 to SrTiO3. 
III.2.2 BST nanoparticles characterization 
III.2.2.1 BST solid solution synthesis 
Figure III-15 presents the X-ray diffraction patterns normalized to the most intense peak of the 
synthesized nanoparticles. As expected, increasing the strontium content induces a regular shift of 
the pattern towards higher 2ϴ angles. This is related to the volume variation of the cell, the cationic 
radius of Sr2+ (rSr = 1.32 Å) being smaller than the Ba
2+ one (rBa = 1.49 Å) [67], increasing the amount 
of strontium induces a lattice parameter shrinkage. Based on Bragg’s law (2d sinθ = nλ), the distance 
between plans decreasing, the 2θ position of the pattern shifts to higher angles. 
These X-ray diffraction patterns were refined using the FullProf method to calculate their lattice 
parameters for each composition. As presented in section III.1.2.2, the BaTiO3 structure at room 
temperature is tetragonal, however, in the case of bulk BST, we know from the literature that it is no 
longer the case for x > 0.3, where the structure becomes cubic at room temperature [74]. 
Consequently, in the case of Ba0.8Sr0.2TiO3 we also used the P4mm space group to describe the 
structure but for all the others the chosen space group was Pm3m. That is why the comparisons 
between each samples are done on the lattice parameter “a”. 
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Figure III-15. XRD patterns of the BST solid solution exhibiting a regular shift towards higher 2ϴ angles from 
BaTiO3 to SrTiO3. 
Table III-5 summarizes the main parameters obtained from the FullProf profile refinement of BST 
XRD patterns. The Chi2 value being not being greater than 5 we can conclude that the fits are of 
good quality. 
Table III-5. Results obtained from the BST XRD pattern refinement 
Parameters 
Compositions 
BaTiO3 Ba0.8Sr0.2TiO3 Ba0.6Sr0.4TiO3 Ba0.4Sr0.6TiO3 Ba0.2Sr0.2TiO3 SrTiO3 
Space group P4mm P4mm Pm3m Pm3m Pm3m Pm3m 
Cell 
parameter (Å) 
a = 4.0080 a = 3.9883 a = 3.9701 a = 3.9531 a = 3.9277 a = 3.9130 
b = 4.0080 b = 3.9883 b = 3.9701 b = 3.9531 b = 3.9316 b = 3.9130 
c = 4.0236 c = 4.0064 c = 3.9701 c = 3.9531 c = 3.9277 c = 3.9130 
σCell parameter (Å) 
a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 
b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 
c = 0.0001 c = 0.0002 c = 0.0001 c = 0.0001 c = 0.0001 c = 0.0001 
Scale factor 1.024.10-2 1.111.10-2 3.956.10-2 3.544.10-2 6.093.10-2 8.743.10-2 
σScale factor 4.10
-5 3.10-5 12.10-5 12.10-5 18.10-5 19.10-5 
Y 0.22708 0.39356 0.32294 0.32560 0.31126 0.41297 
σY 0.00281 0.00369 0.00163 0.00182 0.00148 0.00148 
IG 0.08715 0.15647 0.15450 0.12967 0.11423 0.24343 
σIG 0.00096 0.00193 0.00128 0.00142 0.00119 0.00170 
Bragg R-factor 2.39 3.83 3.97 2.12 3.38 3.58 
Rf -factor 0.849 1.86 2.24 3.87 1.57 1.88 
Chi2 2.71 3.06 3.94 4.02 4.16 3.58 
From the various profile refinements we can, for example, plot the variation of the calculated lattice 
parameter “a” according to the amount of barium substituted with strontium (Figure III-16). It shows 
that the lattice parameter “a” decreases linearly with the increase of strontium content (R2 = 0.999). 
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Knowing this and based on Vegard’s law it is then possible to confirm the synthesis of the entire 
solid solution (from BaTiO3 to SrTiO3). 
 
Figure III-16. Linear variation of the lattice parameter from BaTiO3 to SrTiO3 confirming the synthesis of the 
entire solid solution. 
In addition, no extra peaks were observed on the XRD patterns of the Figure III-15 which indicates 
that the purity of the BaTiO3 based nanoparticles is preserved along the entire solid solution. 
III.2.2.2 Evolution of particle size with the composition 
The TEM images (Figure III-17) of all the BST particles synthesized according to the conditions of 
Table III-4 show that in all cases the particles are more or less spherical with a narrow size 
distribution. Indeed, looking at the corresponding histograms plotted from the particles 
measurements on TEM images (every time more than 150 particles were measured over different 
images) we can see that, as soon as some barium is substituted with strontium, the average size and 
size distribution of the particles decreases from 20 ± 6 nm for BaTiO3 nanoparticles to 12 ± 2 nm for 
SrTiO3 ones. 
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Figure III-17. TEM images of BST nanoparticles synthesize according to the material composition. 
Based on the TEM analysis we can conclude that the barium substitution with strontium influences 
the particles growth. Indeed, since some strontium is added, the particles become smaller, and even 
though the Sr2+ cations are smaller the Ba2+ ones (rSr = 1.32 Å and rBa = 1.49 Å [67]), this difference is 
not sufficient to justify this size variation. 
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III.2.2.3 Crystallite sizes 
Table III-6 describes both, the particles size measured from the TEM images and the crystallites size 
calculated with the FullProf profile refinement of the XRD patterns (Figure III-2). 
Table III-6. Comparison between the BST particles sizes measured from TEM images and their crystalline size 
estimated with Scherrer equation using XRD patterns refinements. 
Composition Particles size from TEM (nm) Crystallite size from XRD (nm) 
BaTiO3 20 ± 6 19 
Ba0.8Sr0.2TiO3 14 ± 3 13 
Ba0.6Sr0.4TiO3 15 ± 2 14 
Ba0.4Sr0.6TiO3 15 ± 2 15 
Ba0.2Sr0.8TiO3 14 ± 2 16 
SrTiO3 12 ± 2 11 
If we compare the average size of the particles with the crystallites size, both being close, we can 
conclude that, similarly to BaTiO3 case, the particles are monocrystalline along the entire solid 
solution. In addition, the size distribution decreasing, it indicates an improvement of the samples 
homogeneity. 
If we focus on the specific composition of Ba0.6Sr0.4TiO3 (Figure III-18), comparing the average size 
and size distribution (Figure III-18a and c) to the HRTEM image Figure III-18b shows the presence of 
lattice fringe along the entire particle which confirms that the produced particles are 
monocrystalline. 
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Figure III-18. a) and b) HRTEM images of the Ba0.6Sr0.4TiO3 powder, c) average size and size distribution of 
Ba0.6Sr0.4TiO3 15 ± 2 nm measured from TEM images, d) FTIR and e) Raman analyses. 
Concerning FTIR and Raman analyses (Figure III-18d and e), the profiles remains similar to the BaTiO3 
powder (see section III.1.2). As expected, in the specific case of Raman analysis the intensity of the 
modes is weaker, especially the one at 307 cm-1 which is characteristic to the tetragonal phase. The 
main difference concerns the BaCO3 contamination. In the case of BaTiO3 study the interpretation 
was not clear, even if FTIR could presume it, the Raman analysis did not show the corresponding 
active mode. Nevertheless, in this case there is no longer a doubt concerning this since it is visible on 
both analyses. 
From this we can confirm that the barium substitution with strontium does not impact the material 
quality in terms crystallinity, but it increases slightly the amount of BaCO3 which is now visible with 
Raman spectroscopy. 
It is important to note that the FTIR analysis appears to be more sensitive that the Raman one 
towards BaCo3 detection. 
III.2.2.4 Conclusion 
In this part we showed that using the supercritical fluid technology it was possible to synthesize the 
entire solid solution from BaTiO3 to SrTiO3 just by adjusting the precursor ratio to target the 
expected composition. In addition, the quality of the nanoparticles established in the case of BaTiO3 
synthesis is almost preserved for all the other compositions. Indeed, there are no extra phases 
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visible on the XRD patterns and the BST particles are still monocrystalline nevertheless the BaCO3 
contamination is slightly higher and can be detected with Raman spectroscopy. 
However a size variation was observed between BaTiO3 and BST nanoparticles. That is why, in the 
following part, we propose to answer to the following question: “Why does the growth change with 
the substitution of barium with strontium?” and this will be done coupling ex situ with in situ 
analyses. 
III.2.3 Study of the BST particles size variation according to their composition 
To investigate this size variation we focus first on the in situ study considering the case of 
Ba0.6Sr0.4TiO3 nanoparticles growth compared to BaTiO3 ones. 
III.2.3.1 In situ analysis 
Figure III-19 shows the effect of barium substitution with strontium one on the growth profiles. 
BaTiO3 growth was compared to the Ba0.6Sr0.4TiO3 one for syntheses achieved at T = 400°C and P = 23 
MPa. Similarly to the experiment n°1 of Table III-3, the concentration in precursor was set at 0.2 
mol.L-1 in an ethanol / water mixture of 0.29. As already discussed, the BaTiO3 particles grow up to 
19 nm, but the Ba0.6Sr0.4TiO3 growth was limited at 15 nm. Even if the in situ setup differs from the ex 
situ one this confirms the trend observed concerning the size variation comparing BaTiO3 with 
Ba0.6Sr0.4TiO3 at the beginning of the discussion (20 ± 6 nm for BaTiO3 versus 15 ± 2 nm for 
Ba0.6Sr0.4TiO3). 
However, to give further explanations of this behavior, complementary ex situ analyses were 
performed on BST (with 0 ≤ x ≤ 1) nanoparticles synthesized with the continuous setup. 
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Figure III-19. In situ study of the strontium effect on particles growth at T = 400 °C and P = 23 MPa. 
III.2.3.2 Complementary ex situ analyses 
As presented in Table III-4 the entire solid solution of Ba1-xSrxTiO3 (with x = 0, 0.2, 0.4, 0.6, 0.8, 1) was 
produced at 400°C and 23 MPa with the flow reactor. Figure III-20 shows the Raman spectra of the 
samples, exhibiting the effect of barium substitution with strontium on the BST structure. 
 
Figure III-20. Raman spectra showing the BST structure variation according to the amount of strontium. 
In the case of BaTiO3 (Figure III-7), several longitudinal and transversal Raman modes were activated 
(183 to 715 cm-1) which can be explained by a structural disorder of the synthesized nanoparticles at 
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this size range. However, with strontium substitution, the Raman response changes; the peak 
intensities decrease while their widths increase. In addition the Raman peak at 810 cm-1, which is 
related to the presence of structural –OH defects, presents an intensity decrease with the increase 
of strontium substitution [235]. This shows a structural stabilization related to the substitution of 
barium with strontium. 
The FTIR analysis Figure III-21 confirms that the purity of the material along the entire solid solution 
is close to the BaTiO3 one. In addition, similarly to the Raman analysis Figure III-20, increasing the 
strontium content, the band related to structural –OH defects disappears. 
 
Figure III-21. FTIR spectra of the various BST compositions confirming the BaTiO3 purity preservation and 
exhibiting the presence of surface and structure –OH defects 
However, the FTIR analysis does not enable us to have a more precise idea concerning the variation 
of the surface –OH defects with the strontium content. To have this information it is necessary to 
perform an O 1s XPS analysis of the BST powders (Figure III-22). Although this type of analysis does 
not enable a precise quantification, it is still possible to see a trend comparing the variation of the 
area ratio between the peak related to surface –OH and the one related to structural –O- [236]. 
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Figure III-22. O 1s XPS response of the BST particles surface enabling to quantify the variation of surface –OH 
compared to –O
-
 atoms within the structure. 
Table III-7 shows that increasing the strontium content, the quantity of surface –OH significantly 
decreases. Indeed if a value of 1 is attributed to the peak area related to structural –O- (around 530 
eV), the area ratio of the peak linked to surface –OH (around 531 eV) decreases from 0.34 for BaTiO3 
to values between 0.12 - 0.17 for Ba0.6Sr0.4TiO3, Ba0.4Sr0.6TiO3, and SrTiO3.  
Table III-7. Area ratios from O 1s XPS analysis of the BST powders 
Experiment n° Composition 
Area ratio 
Structural -O Surface –OH O=C O-C 
≈ 530 eV ≈ 531 eV ≈ 532 eV ≈ 533 eV 
1 BaTiO3 1 0.34 0.34 0.19 
3 Ba0.6Sr0.4TiO3 1 0.17 0.34 0.13 
4 Ba0.4Sr0.6TiO3 1 0.12 0.27 0.05 
6 SrTiO3 1 0.15 0.38 0.06 
The two other peaks around 532 and 533 eV are related to carbon contamination (O=C and O-C, 
respectively). This contamination which remains constant for each composition could result from the 
precursors as identified in the FTIR analyses. 
III.2.3.3 Conclusion 
The ex situ analyses thus provide important information concerning the strontium effect on the BST 
nanoparticles characteristics. It was observed that increasing the strontium content reduces the 
disorder within the material. The decrease of disorder due to Ti off centering identified with Raman 
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analysis could be related to the difference of atomic size between barium (rBa = 1.49 Å) and 
strontium (rSr = 1.32 Å). Indeed the strontium being smaller it tends to decrease the tetragonal 
distortion within the structure. Concerning structure and surface –OH defects, their presence is 
clearly identified into the literature and attributed to the dissolution of the barium ions. This could 
be explained through theoretical calculations based on the first principles indicating that Ti-O 
chemical bond are more covalent and that Ba-O and Sr-O ones are more ionic [237–239]. In 
consequence, barium and strontium ions tend to be dissolved under aqueous conditions leading to 
the apparition of –OH defects. In addition, other numerical studies compared the stability of Ba-O to 
Sr-O; they concluded that Sr-O is more stable than Ba-O [240]. This is in agreement with the Raman 
FTIR and XPS results showing a decrease of surface and structure –OH defects increasing with the 
strontium amount. 
This decrease of surface –OH with the increase of strontium content can explain the variations in 
growth profiles between BaTiO3 and Ba0.6Sr0.4TiO3 identified in the in situ synchrotron WAXS study 
(Figure III-23). 
 
Figure III-23. Sketch illustrating why BST nanoparticles grow less than BaTiO3 ones [204] Copyright © 2014, 
Elsevier. 
If the growth is based on a sol-gel mechanism, a reduction of the surface –OH amount means that 
the quantity of precursor able to react at the surface of the particles decreases. This explains why 
the BST nanoparticles grow less than the BaTiO3 ones. 
III.2.4 Conclusion 
Through this study we confirmed that the supercritical fluid technology enables the production of 
high quality BST nanoparticles in a very short time scale. The coupling of in situ synchrotron powder 
diffraction with ex situ spectroscopy analyses leads to a better understanding of the particles growth 
behavior highlighting the composition effect. The presence of surface –OH was identified as the key 
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parameter for the particle growth. The presence of strontium decreasing the quantity of surface –
OH explains why BST particles grow less than BaTiO3 ones. 
Now that the study concerning BaTiO3 and BST nanoparticles formation of in supercritical fluid 
conditions is achieved, in the following part we are going to move towards the study of the B site 
substitution through the example of titanium substitution with zirconium. 
  
Barium titanate based nanoparticles in supercritical fluids: towards an understanding of formation mechanisms 
126 
 
III.3 Synthesis of BaTi1-yZryO3 (with 0 ≤ y ≤ 1 - BTZ) nanoparticles 
The main synthesis route used to produce BTZ is the solid state one which consists in mixing BaCO3, 
ZrO2 and TiO2 powders and heat treat them at high temperature (1000 – 1600°C) for several hours (4 
– 6h) [81,241–245]. Although this simple method enables a large scale production of material, it is 
time and energy consuming. In addition, the produced material usually presents impurities and 
inhomogeneity [8]. Some other alternative methods can be found in the literature such as the 
chemical solution deposition [80,246] or the hydrothermal one [247,248]. Among these methods 
only the one based on a modified vapor diffusion sol-gel process is reported as enabling the 
synthesis of the BTZ entire solid solution [82]. However, this last method only enables the synthesis 
of a small quantity of BTZ nanoparticles and goes through several steps which make it time 
consuming and unsuitable for a transfer towards industrial production. 
In this part we are first going to demonstrate de feasibility of this synthesis using supercritical fluid 
technology, then, associate the results to an in situ synchrotron WAXS study to better understand 
the material’s growth. 
III.3.1 Experimental conditions 
The synthesis procedure was identical to the one for BST nanoparticles synthesis, except that now it 
is a part of the titanium isopropoxide precursor which is replaced with zirconium isopropoxide as 
presented in Table III-8 where C is the concentration in mol.L-1 of the barium (or titanium + 
zirconium) precursor in the ethanol / water mixture (xEthanol = 0.29) inside the reactor. 
Table III-8. Experimental conditions for BaTiO3 – BaZrO3 solid solution synthesis 
Experiment n° Composition Solvent C (mol.L-1) T (°C) P (MPa) Residence time (s) 
1 BaTiO3 
ethanol/water 
xEthanol = 0.29 
0.015 400 23 53 
2 BaTi0.8Zr0.2O3 
3 BaTi0.6Zr0.4O3 
4 BaTi0.4Zr0.6O3 
5 BaTi0.2Zr0.8O3 
6 BaZrO3 
Changing the ratio between barium and zirconium enables us to produce the entire solid solution, 
from BaTiO3 to BaZrO3. 
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III.3.2 BTZ nanoparticles characterization 
III.3.2.1 BTZ solid solution synthesis 
Figure III-24 presents the X-ray diffraction patterns normalized to the most intense peak of the 
synthesized nanoparticles. As expected, increasing the zirconium content induces a regular shift of 
the peaks towards lower angle. This is related to the volume variation of the cell, the cationic radius 
of Zr4+ (rZr = 0.86 Å) being bigger than the Ti
4+ one (rTi = 0.75 Å) [67], increasing the amount of 
zirconium induces a cell distortion resulting in its swelling. Based on Bragg’s law (2d sinθ = nλ), the 
distance between plans increasing, the 2ϴ position of the pattern shifts towards smaller angles. 
Nevertheless, it is important to note a slight contamination for the BaZrO3 case which was not 
identified. 
 
Figure III-24. XRD patterns of the BTZ solid solution exhibiting a regular shift towards smaller 2ϴ angles from 
BaTiO3 to BaZrO3. 
These X-ray diffraction patterns were refined using the FullProf method to calculate their lattice 
parameters for each composition. As presented in section III.1.2.2, the BaTiO3 structure at room 
temperature is tetragonal, however, as reported in the literature for bulk BTZ, since y > 0.05, the 
structure becomes pseudo cubic up to y = 0.15 and finally cubic [81,82]. In this study BaTiO3 
structure was described in the space group P4mm and all the others in the Pm3m one. That is why, 
similarly to BST, the comparisons between each samples were made on the lattice parameter “a”. 
Table III-9 summarizes the main parameters obtained from the FullProf profile refinement of BTZ 
XRD patterns. We can see that the Chi2 value is a bit high in the case of BaTi0.8Zr0.2O3 and 
BaTi0.4Zr0.6O3. For the first case, it is around this composition that the material goes from 
ferroelectric to relaxor which is associated to structural variations [81,242–245]. Combining this to 
the lattice distortion due to surface strain at this scale can explain why the Chi2 increases for this 
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specific composition. But so far, we cannot explain why it is also high for the second case. Deeper 
analyses are needed concerning the materials morphology and structure. 
Table III-9. Results obtained from the BTZ XRD pattern refinements 
Parameters 
Compositions 
BaTiO3 BaTi0.8Zr0.2O3 BaTi0.6Zr0.4O3 BaTi0.4Zr0.6O3 BaTi0.2Zr0.8O3 BaZrO3 
Space group P4mm Pm3m Pm3m Pm3m Pm3m Pm3m 
Cell 
parameter (Å) 
a = 4.0080 a = 4.0481 a = 4.0892 a = 4.1223 a = 4.1602 a = 4.1969 
b = 4.0080 b = 4.0481 b = 4.0892 b = 4.1223 b = 4.1602 b = 4.1969 
c = 4.0236 c = 4.0481 c = 4.0892 c = 4.1223 c = 4.1602 c = 4.1969 
σCell parameter (Å) 
a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 a = 0.0001 
b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 b = 0.0001 
c = 0.0001 c = 0.0002 c = 0.0001 c = 0.0001 c = 0.0001 c = 0.0001 
Scale factor 1.024.10-2 6.226.10-2 2.344.10-2 5.965.10-2 5.323.10-2 4.563.10-2 
σ Scale factor 4.10
-5 14.10-5 5.10-5 14.10-5 12.10-5 11.10-5 
Y 0.22708 0.35965 0.37783 0.45098 0.72736 1.05916 
σY 0.00281 0.00207 0.00350 0.00453 0.00408 0.00541 
IG 0.08715 0.04797 0.14860 0.14217 0.19089 0.00329 
σIG 0.00096 0.00080 0.00165 0.00219 0.00250 0.00035 
Bragg R-factor 2.39 2.29 3.8 2.58 1.16 1.50 
Rf -factor 0.849 2.39 2.33 1.98 0.961 1.08 
Chi2 2.71 7.75 3.22 8.79 2.65 3.34 
Figure III-25 is the plot of the calculated lattice parameter “a” variation according to the material 
composition. It is observed that “a” increases linearly with the increase of zirconium content (R2 = 
0.999). Knowing this and based on Vegard’s law it is then possible to confirm the synthesis of the 
entire solid solution (from BaTiO3 to BaZrO3). 
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Figure III-25. Linear variation of the lattice parameter from BaTiO3 to BaZrO3 confirming the synthesis of the 
entire solid solution 
In addition (Figure III-24), no extra peaks were observed on the XRD patterns, except for BaZrO3, 
indicating that the purity of the BaTiO3 based nanoparticles is mainly preserved along the entire solid 
solution. 
III.3.2.2 Particles size 
The TEM images of all the BTZ particles synthesized according to the conditions of Table III-8 (Figure 
III-26) show that in all cases the particles are more or less spherical with a narrow size distribution. 
Indeed, looking at the plotted histograms from the particles measurements (every time more than 
150 particles measures over different TEM images), we can see a size variation depending on the 
composition of the samples. 
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Figure III-26. TEM images of BTZ nanoparticles synthesized according to the material composition. 
For BaTiO3 nanoparticles the average size was measured as being 20 ± 6 nm; increasing zirconium 
amount to BaTi0.4Zr0.6TiO3 induces an average size decrease down to 15 ± 3 nm and for BaZrO3 
nanoparticles the average size reaches 10 ± 2 nm. This confirms that not only the average size 
decreases with zirconium content but its size distribution as well. However, looking carefully to 
Figure III-26, we can see that in the specific case of BaTi0.4Zr0.6TiO3 there are some particles which are 
much bigger than the average size of 15 nm. As there are only few of them, they weren’t considered 
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in the average size calculation. This secondary population can have an effect on the XRD pattern 
which would explain the increase of the Chi2 value of observed in Table III-5. 
III.3.2.3 Crystallites size 
Table III-10 presents both, the particles size measured from the TEM images and the crystallites size 
calculated with the FullProf profile refinement of the XRD patterns. 
Table III-10. Comparison between the BTZ particles sizes measured from TEM images and their crystallite sizes 
estimated with Scherrer equation using XRD patterns refinements. 
Composition Particles size from TEM (nm) Crystallite size from XRD (nm) 
BaTiO3 20 ± 6 19 
BaTi0.8Zr0.2O3 17 ± 4 18 
BaTi0.6Zr0.4O3 14 ± 3 13 
BaTi0.4Zr0.6O3 15 ± 3 12 
BaTi0.2Zr0.8O3 11 ± 2 9 
BaZrO3 10 ± 2 8 
If we compare the average size of the particles with the crystallites size, both being close, we can 
conclude that the particles are monocrystalline along the entire solid solution. 
Indeed, if we focus on the specific case of BaTi0.8Zr0.2O3 (Figure III-27), comparing the average size 
and size distribution (Figure III-27a and c) to the HRTEM image Figure III-27b, which shows the 
presence of lattice fringe along the entire particles, confirms that the produced particles are 
monocrystalline. 
The FTIR analysis (Figure III-27c) remains similar to the one of BaTiO3 (Figure III-3) giving some insight 
concerning the presence of BaCO3 but this time, the Raman analysis (Figure III-27e) does not indicate 
the presence of BaCO3 which might be below the detection limit. Nevertheless, the activation of the 
modes is different from the BaTiO3case (Figure III-7). Indeed, the modes at 183 cm
−1 combined with 
307 cm−1 and 715 cm−1 ones indicate the presence of a long-range ferroelectric order within the 
material [81,249–253]. Again, this is in agreement with the variation of Chi2 value observed Table 
III-5 and attributed to structural variation. As already explained, this variation was expected since 
the BTZ phase changes around this composition. 
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Figure III-27 a) and b) HRTEM images of the BaTi0.8Zr0.2TiO3 powder, c) average size and size distribution of 17 ± 
4 nm measured from TEM images, d) FTIR and e) Raman analyses. 
III.3.2.4 Conclusion 
In this part we showed that based on this synthesis process it was also possible to synthesize the 
entire solid solution from BaTiO3 to BaZrO3 only by adjusting the precursor ratios to the targeted 
composition. In addition, the quality of the nanoparticles established in the case of BaTiO3 is 
preserved, there are no extra phases visible on the XRD patterns and the particles are still 
monocrystalline. Nevertheless, we observed a slight contamination in the BaZrO3 XRD pattern which 
remains unidentified. The synthesis procedure might need some optimization for this specific 
composition. 
To better understand the BTZ particles formation, similarly to the BST case, it is important to 
perform first, a deep ex situ study of the materials structure and surface properties, prior to the in 
situ one. 
III.3.3 Structural and surface properties 
III.3.3.1 Structural analysis 
The XRD analysis giving an average response on the material structure, Raman analyses of the BTZ 
powders produced according to Table III-8 conditions were achieved (Figure III-28). In comparison to 
the BST solid solution (Figure III-20), the titanium substitution with zirconium impacts more 
drastically the structure of the material. Indeed, on Figure III-28 we can see that the active modes of 
Barium titanate based nanoparticles in supercritical fluids: towards an understanding of formation mechanisms 
133 
 
the BaTiO3 structure defined in section III.1.2.1 change already a lot for BaTi0.8Zr0.2O3 and almost 
disappear for further titanium substitution with zirconium. 
 
Figure III-28. Raman spectra showing the BTZ structure variation according to the amount of zirconium 
In the case of BaTi0.8Zr0.2O3, the modes at 183 cm
−1 combined with the 307 cm−1 and 715 cm−1 ones 
indicate the presence of a long-range ferroelectric order within the material [81,249–253]. This is in 
agreement with the variation of Chi2 value observed Table III-5 and attributed to structural 
variation. However, since we reach y ≥ 0.4 there is no more ferroelectricity. Only two broad bands 
around 300 and 500 cm-1 remain for BaTi0.6Zr0.4O3 which are characteristic of the Pm3m paraelectric 
space group. These two bands become broader and broader for BaTi0.4Zr0.64O3 and BaTi0.2Zr0.8O3 and 
almost disappear for BaZrO3 indicating an increase of structural symmetry and thus order towards 
the cubic Pm3m space group, which is Raman inactive. Nevertheless, for BaZrO3, the presence of 
modes at 150 and 660 cm-1 (and a one at 1080 cm-1 which is not shown in this figure) are related to a 
BaCO3 contamination. Similarly to the BST study (Figure III-20), the Raman analyses exhibit the 
presence of structural –OH defects which tend to decrease increasing the rate of titanium 
substitution with zirconium. 
III.3.3.2 Analysis of the BTZ particles surface properties 
The FTIR analysis enables to complete the Raman one of the previous section. Figure III-29 confirms 
the presence of structural –OH defects which tend to decrease increasing the zirconium substitution 
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rate. In addition we can observe a higher BaCO3 contamination in the case of BaZrO3. Since this solid 
solution is new, the process might not be fully optimized and, similarly to H. Reverón et al study 
concerning the BaTiO3 supercritical fluid synthesis [159], it might be important to investigate the 
influence of the ethanol / water ratio. Indeed they show that optimizing this ratio enables both; to 
make monocrystalline nanoparticles and lower the BaCO3 contamination. This might also prevent 
the contamination observed in BaZrO3 XRD pattern. In addition, similarly to the BST case, the 
presence of surface –OH is detected through the broad band between 2500 and 3700 cm-1 and the 
narrow one at 1560 cm-1. 
 
Figure III-29. FTIR of the various BTZ compositions confirming the BaTiO3 purity preservation excepts for 
BaZrO3 where a BaCO3 contamination is observed, and exhibiting the presence of surface and structure –OH 
defects 
Complementary XPS analyses of the particles surface are necessary to have a better idea concerning 
their surface properties (Figure III-30). 
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Figure III-30. O 1s XPS response of the BTZ particles surface enabling to quantify the variation of surface –OH 
compared to –O
-
 atoms within the structure. 
Similarly to BST, Table III-11 presents the relative variation of surface –OH and carbon contamination 
compared to the amount of structural –O-. It is important to note that the XPS analyses in the 
present case were not performed with the same equipment than for the BST study. Consequently, 
we cannot compare the values of both studies, only the trends. The amount of surface –OH being 
directly related to the barium dissolution, as the quantity of barium is constant; it is surprising to 
observe an increase of them since y ≥ 0.4. However, knowing from the literature that it is difficult to 
replace more than 40 – 50 % of titanium with zirconium, crossing this value could lead to structures 
which are less stable. Consequently this could decrease the ionic bond strength of Ba-O, favoring the 
barium dissolution. Nevertheless, based on the hypothesis concerning the BST growth behavior (see 
conclusion III.2.3.3), this result does not fit with the decrease of particles size increasing the 
zirconium amount observed in Figure III-26. 
Table III-11. Area ratios O 1s from XPS analysis of the BTZ powders 
Experiment n° Composition 
Area ratio 
Structural -O Surface –OH O=C O-C 
≈ 530 eV ≈ 531 eV ≈ 532 eV ≈ 533 eV 
1 BaTiO3 1 0.24 0.18 0.15 
2 BaTi0.8Zr0.2O3 1 0.19 0.33 0.07 
3 BaTi0.6Zr0.4O3 1 0.28 0.43 0.07 
4 BaTi0.4Zr0.6O3 1 0.33 0.50 0.12 
5 BaTi0.2Zr0.8O3 1 0.45 0.53 0.06 
6 BaZrO3 1 0.69 1.14 0.27 
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Table III-11 also confirms the presence of BaCO3 contamination in the case of BaZrO3 where both, 
the O=C and O-C ratios are much higher than for the other compositions. We can also note that, for 
the compositions where the BaCO3 contamination is lower (BaTiO3 to BaTi0.2Zr0.8O3), the amount of 
O=C gradually increases compared to the O-C amount which can be considered as constant. This 
trend can be associated to an increase of carbon contamination at the surface of the particles 
increasing the amount of zirconium. This increasing contamination may limit the accessibility of the 
precursors to the surface –OH which thus “quench” the BTZ particles growth. 
III.3.3.3 Conclusion 
The use of Raman spectroscopy enables to get more precise information concerning the materials 
structure with the presence of a long range ferroelectricity up to 20 % of zirconium. Coupling Raman 
and FTIR highlighted a decrease of structural –OH defects increasing the amount of zirconium. We 
also observed the presence of a higher BaCO3 contamination for the BaZrO3 powder. However the 
study also triggered some questions: (1) Knowing that the amount of surface –OH defects is stable 
up to 40% of zirconium and then increase: why the BTZ particles size decreases increasing the rate of 
zirconium substitution? and (2) why the carbon contamination at the surface increases with the 
amount of substituted zirconium? 
In order to answer these questions an in situ analysis, similar to the BST one, is necessary to have a 
look at the growth behaviors and the kinetics of the syntheses. 
III.3.4 In situ study of BTZ nanoparticles formation in supercritical fluid conditions  
Table III-12 summarizes the four in situ experiments we did concerning the BTZ solid solution. In 
addition to the BaTiO3 case, three other compositions were targeted: BaTi0.8Zr0.2O3, BaTi0.4Zr0.6O3 and 
BaTi0.2Zr0.8O3. 
Table III-12. Experimental conditions for in situ synchrotron WAXS BTZ solid solution synthesis 
Experiment 
n° 
Composition Solvent C (mol.L-1) T (°C) P (MPa) 
Synthesis 
duration 
(min) 
1 BaTiO3 
ethanol/water 
xEthanol = 0.29 
0.2 400 23 > 20 
2 BaTi0.8Zr0.2O3 
3 BaTi0.4Zr0.6O3 
4 BaTi0.2Zr0.8O3 
In each cases the temperature and pressure were respectively set at 400 °C and 23 MPa and the 
precursor concentration at 0.2 mol.L-1. 
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III.3.4.1 Case of BaTi0.4Zr0.6O3 
The in situ analysis of this specific case presents unusual powder diffraction patterns during the 
growth. As presented in the Figure III-31, in the first part of the synthesis a splitting of the diffraction 
peaks appears, especially at high 2ϴ (Figure III-31a). However, while the material is forming, a 
continuous decrease of the splitting is observed (Figure III-31b and c) to finally disappear (Figure 
III-31d) and present a diffraction pattern similar to the one of the ex situ study (Figure III-24). 
 
Figure III-31. In situ studies of the BaTi0.4Zr0.6O3 synthesis: decrease of the powder diffraction pattern splitting 
with time. 
This behavior can be explained by the production of BaTi0.4Zr0.6O3 particles with initially two size 
distributions due to the mentioned carbon contamination which might disrupts the nucleation. 
Indeed, at this size range, the surface strain which strongly depends on the particles size has a 
significant effect of the lattice distortions, which can induce shifts of the XRD patterns. Moreover, 
the splitting decreasing with time and the presence of few bigger particles being observe on the TEM 
image (Figure III-26) for this specific composition strengthened this hypothesis. Thus, we conclude 
that this phenomenon was due to the presence of two size populations of BaTi0.4Zr0.6O3 particles. 
With time, and probably due to Ostwald ripening, the size difference between the two populations 
decreased leading to the disappearance of the peaks splitting. 
Consequently the profile refinement in this specific case was performed considering two phases of 
BaTi0.4Zr0.6O3 with two different lattice parameters. This observation is also in agreement with the 
increased Chi2 value observed in the Table III-9. 
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III.3.4.2 Composition effect on particles growth 
Figure III-32 shows the particles size variation for each compositions according to the synthesis 
duration. In this case we can see that the results are different to the particles size variation observed 
from TEM images (Figure III-26). Indeed, in the case of BTZ particles synthesized with the flow 
process, we saw that the average particles size tended to decrease increasing the amount of 
zirconium. However, in the case of the in situ study it is different; for BaTiO3 and BaTi0.8Zr0.2O3 
compositions the growth are close but for BaTi0.4Zr0.6O3 and BaTi0.2Zr0.8O3 the particles size increases 
with the amount of zirconium while the kinetics tend to slow down. 
 
Figure III-32. In situ study of the zirconium effect on to particles growth at T = 400 °C and P = 23 MPa. 
Even though this result seems in contradiction with the particles size from the TEM study, it is in 
agreement with the XPS one (Figure III-30) where more surface –OH were observe, confirming the 
BST growth theory where the surface –OH amount drives the particles growth. Indeed we showed 
that first the amount of surface –OH was constant then increases with the amount of zirconium and 
in the case of the in situ study we can see that first the particle size remains constant then increase 
too with the amount of zirconium. 
If we do not observe the same trend with the flow synthesis it is because the growth kinetics 
became slower increasing the amount of zirconium. In contrary to the BST synthesis, the zirconium 
atom is bigger than the titanium one and the substitution site is no longer at the corner of the cell 
but at the center inducing strain within the structure which might slow down the reaction kinetics. 
Consequently, the residence time being constant, the size of the particles decreases. 
This also explains the increase of surface –OH observed in XPS study, the kinetics being slower, more 
barium is dissolved producing more surface –OH defects. 
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III.3.5 Conclusion 
Based on XRD, HRTEM, FTIR and Raman analyses we can confirm that the quality of the BaTiO3 
nanoparticles is mainly preserved along the entire BTZ solid solution. The exception concerns the 
BaZrO3 case, where both; a secondary phase and a higher BaCO3 contamination were observed. This 
was probably due to a slower reaction kinetic favoring the carbonation and other side reactions. 
That is why it would be interesting to optimize the synthesis procedure in order to lower these 
defects. 
Similarly to the BST study, coupling in situ and ex situ analyses enabled us to better understand the 
growth behavior of the BTZ particles. The surface –OH defects amount is still a key parameter, 
nevertheless, the growth kinetic is a second aspect which has to be taken into account for explaining 
the growth trends. 
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III.4 Conclusion of the Chapter 3 
Along this chapter we were able to demonstrate step by step the strengths of the supercritical fluid 
technology towards synthesis of high quality nanoparticles with the example of BaTiO3 ones. The 
versatility of this process was also exhibited with the synthesis of both BaTiO3 – SrTiO3 and BaTiO3 – 
BaZrO3 entire solid solutions keeping the high quality of the BaTiO3 based material. This is especially 
noteworthy in the case of the BTZ solid solution where we are, to our knowledge, the first to 
demonstrate the entire solid solution synthesis in supercritical fluids and the second among the 
various synthesis routes. Moreover, we were the first to exhibit such level of quality in terms of 
crystallinity but also potential amount of production. Nevertheless, the BaZrO3 synthesis has to be 
optimized. 
The use of in situ synchrotron WAXS analyses, combined with ex situ ones, were a very important 
asset to better understand the growth behaviors of these materials in such conditions. This enabled 
us to develop a growth mechanism where the amount of surface –OH drives the particles growth. 
This statement was verified in both solid solutions BST and BTZ, even though in the BTZ case, the 
growth kinetics plays also a preponderant role. 
Now that the controlled synthesis of BaTiO3 based nanoparticles is demonstrated the next step is to 
characterize their intrinsic properties, especially their ferroelectricity, to strengthen the potential of 
such nanomaterials synthesis route. 
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Ferroelectric materials are very attractive in many fields of applications, however, since 20 years 
there have been many discussions concerning the size effect on both structure and intrinsic 
dielectric properties of these materials. For example many studies predict the disappearance of the 
ferroelectricity with the materials downscaling but none agreed on a specific critical size. This is 
mainly due to: (1) the capability to produce crystallized particles of tens of nanometers without any 
amorphous shell, and (2) to the ability of processing them into dense and nanostructured ceramics 
while keeping their initial grain size while controlling the composition and crystallinity. The first 
challenge is now answered thanks to the supercritical fluid synthesis of high quality nanoparticles. 
Concerning the second one, the development of fast sintering processes these last ten years with 
especially the spark plasma sintering (SPS) technique, enables now to produce dense nanostructured 
ceramics for answering it [254–257]. 
This chapter will be first devoted to the processing of dense and nanostructured Ba0.6Sr0.4TiO3 
ceramics keeping the initial grain size and starting material quality. Then we will focus on the 
influence of SPS processing parameters, in particular the pressure effect on the properties. Finally 
we will analyze the size effect on the intrinsic dielectric properties of the BST ceramics. In a second 
section we will also study the densification of BTZ nanopowders and characterize their intrinsic 
properties. To do this, specific compositions were selected to study the transition from a 
ferroelectric behavior to a relaxor one in order to prove the accuracy of the synthesis route in terms 
of composition control. In a last part we will introduce the development of hybrids embedded 
passives and / or flexible electronic (BT particles dispersed into a polymeric matrix) with especially 
the development of a procedure to characterize their dielectric properties at high frequencies. 
IV.1 BST processing into dense and nanostructured ceramics 
Obtaining nanostructured and dense ceramics with grains size below 20 nm is a difficult task and 
thus a great challenge. Conventional sintering processes does no enable to achieve this aim. That is 
why, in this part, we are going to study fast sintering technologies, especially the spark plasma 
sintering (SPS) one in collaboration with Dr. Claude Estournes at “Centre Interuniversitaire de 
Recherche et d’Ingénierie des Matériaux - Plateforme Nationale CNRS de Frittage Flash” (CIRIMAT – 
PNF2) located at Paul Sabatier University in Toulouse. Then we will characterize the ceramics in 
terms of structure, nano/microstructure and dielectric properties et ICMCB. 
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IV.1.1 Materials and method 
IV.1.1.1 Materials 
In the framework of this study we focused our research on Ba0.6Sr0.4TiO3 nanoparticles produced in 
supercritical fluids with the process and conditions detailed in Chapter I. Figure IV-1 is a reminder of 
the particles morphology, size and size distribution that we are going to use. We can see that the 
particles have an average size of 16 ± 2 nm. 
 
Figure IV-1. TEM image of Ba0.6Sr0.4TiO3 nanoparticles produced in supercritical fluids showing their 
morphology, size and size distribution. 
IV.1.1.2 Method 
The samples were sintered using a Dr Sinter 2080 SPS apparatus (SPS Syntex Inc., Tokyo Japan), 400 
mg of powder (without any binder) were loaded onto a 8 mm inner diameter cylindrical tungsten 
carbide die, covered with a graphite foil. The sintering temperature was 750°C, holding time 2 
minutes while an uniaxial pressure of 300MPa was applied. Figure IV-2 presents the pressure and 
temperature profiles during of 32 minutes sintering cycle. 
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Figure IV-2. SPS  pressure and temperature cycles of the Ba0.6Sr0.4TiO3 powder processing into ceramics  
At such small size range, the surface reactivity of the powder is very high, it is thus necessary to 
apply the pressure at the beginning of the cycle at room temperature in order to prevent any grain 
growth. Then, this applied pressure is slowly removed before cooling down the sample to lower the 
strain within the ceramic. 
The specificity of our process lies in the atmosphere in which the sintering is achieved. Indeed, the 
SPS processing of titanium oxide based nanoparticles, such as TiO2 or BaTiO3, has been studied for 
around ten years now and the reported works showed that the chosen atmosphere inside the 
chamber is of main importance regarding the material defects chemistry. Sintering is usually 
performed under vacuum and in such conditions of low oxygen partial pressure atmosphere, the Ti4+ 
cations tend to be reduced into Ti3+ ones. As a result associated oxygen vacancies induce 
conductivity within the samples [86,258–261]. In our case, in order to avoid these extrinsic defects, 
the BST sintering is achieved in air and because it is an oxidant atmosphere, the die in tungsten 
carbide cannot handle temperatures exceeding 800 to 900°C. That is why the sintering is achieved at 
relatively low temperature (750°C). To balance this and to obtain an efficient densification, a high 
pressure of 300 MPa is applied. 
IV.1.2 Ceramic characterization 
IV.1.2.1 Grain size and density 
Figure IV-3 shows high resolution SEM (HRSEM) images from the fractured cross section of the 
ceramic. 
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Figure IV-3. HRSEM images (JEOL JSM 6700F at UMS Raimond Castaing) of the Ba0.6Sr0.4TiO3 powder processed 
with SPS two minutes at 300 MPa and 750°C exhibiting no grain growth. 
Compared to the Figure IV-1, the first observation which can be done is that the initial grains size is 
preserved, except in local area where the particles aggregation led to a slight growth. Moreover, the 
pellets density estimated at 86 % using a pycnometer was in agreement with the HRSEM analysis 
showing some porosity within the ceramic. In addition the particles remain spherical and no 
differential sintering is observed despite the initial nanosized powder. 
IV.1.2.2 Structural analysis 
It is important to compare the XRD patterns of the material before and after the SPS processing to 
check if the sintering step did not induced neither secondary phases nor grain growth. In Figure IV-4, 
the XRD patterns of the raw powder in black and of the ceramic in red are superimposed. 
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Figure IV-4. XRD patterns of the BST powder before and after SPS processing. The peaks position and width did 
not change confirming both : no grain growth and purity preserved 
From these patterns we can first see that the peaks position did not change indicating that the 
processing did not affect the material stoichiometry. In addition, their widths are also constant 
confirming that there was no grain growth during the sintering as observed on the HRSEM images 
(Figure IV-3). Finally there are no extra peaks in the patterns, except the ones from the sample 
holder, confirming that no extra phases were formed. All together, we can conclude that the SPS 
sintering performed in these specific conditions enables to process nanostructured ceramics while 
keeping the characteristics of the starting powder in terms of size and crystallinity. 
An average cubic structure is revealed by XRD in both; the powder and ceramic. Indeed no splitting 
of the pseudo cubic (200) into tetragonal (200) and (002) reflections appears after sintering. A 
deeper structural investigation would require high quality X-rays diffraction measurements 
performed on powders. Because our aim was to probe the properties of the ceramic proceeded 
under high pressure, we have chosen to use Raman spectroscopy offering the advantage to be 
accurate either on powder or ceramic. In addition, this very sensitive tool, suitable to characterize 
crystal structures, enables to detect the local dynamic symmetry with a coherence length lower than 
2 nm which is not possible using XRD [262,263]. 
IV.1.2.3 Raman analysis for studying structural variation 
As it was shown on the raw powder (Chapter I), at this size range there is a structural disorder, 
especially related to Ti off centering due to the high surface strain. It is now interesting to see if the 
high pressure applied during SPS processing had an impact on such called “size effect”. Figure IV-5 
shows the resulting Raman analysis and first of all, it is important to precise that the differences 
observed between this powder spectrum and the one (previously shown on Figure III-7) arise from a 
slight modification of the apparatus after a failure. 
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Figure IV-5. Room temperature Raman analysis of the BST powder before and after SPS processing. 
Very interesting information could be pulled of this analysis and compared to the literature [264]: 
● The peaks around 175 cm-1 and 480 cm-1 , observed in both; powder and ceramic, were already 
reported in literature and are ascribed to a strain induced orthorhombic phase, which can be locally 
stabilized at room temperature in nanosized ferroelectrics [265,266]. 
●The A1(TO) peak around 230 cm
-1 becomes more visible after the SPS step. This is ascribed to an 
increase of the tetragonality. However the signature of the pseudo cubic character is still present in 
both the powder and the ceramic (280 cm-1). 
 The E(TO) and A1(TO) modes between 500-600 cm
-1 which can be related to the crystalline 
structure do not show any frequency shift after SPS sintering under pressure. 
 Blueshift of the A1(LO3) peak at 730 cm
-1 towards 760cm-1. This phenomenon can be related 
to a compressive stress and can originate from the uniaxial pressure applied during SPS. This can also 
be a result of the release of surface stress resulting from the departure of surface and lattice 
hydroxyl groups after thermal treatment (the peak at 810cm-1 assigned to the lattice -OH is no more 
visible in the ceramic). 
The interpretation of the results remains difficult since different contributions have to be considered 
when the powder and the ceramic are compared. Indeed, the strain arising from the size effect 
(effective in the two samples), the external compressive stress applied during the sintering at this 
grain size can have a strong influence. As a result, in the ceramic case, the competition between the 
internal stress due to size effect (coexistence of a cubic surface layer and tetragonal grain core) and 
the arising one from sintering make difficult the discrimination of the specific contributions which 
Ceramics and hybrids processing and characterizations 
151 
 
affect the crystal structure (off centering of the Ti, distortion of the unit cell). In addition, it should 
be mentioned that the contribution of defects, such as –OH groups present in the powder and 
released in the ceramic, can affect the stabilization of the long range tetragonal structure. 
IV.1.2.4 Dielectric properties 
From the literature it is well known that the TCurie can be tuned by (1) the cationic substitution on 
either the A site (Ba2+ with Sr2+) or the B site (Ti4+ with Zr4+) and (2) the grain size effect. For the 
specific case of Ba0.6Sr0.4TiO3, V. Hornebecq et al [88] already studied the size effect on the Curie 
temperature variation. Indeed, we can see in Figure IV-6 that once the particles size goes below 150 
nm the value of TCurie decreases. 
 
Figure IV-6. Variation of TCuries according to the particles size based on V. Hornebecq et al study [88]. 
Now that we confirmed the processing of dense and nanostructured ceramics, keeping the starting 
particles characteristics in terms of size, purity and structure, we can complete the study analyzing 
dielectric properties of the ceramic made of 20 nm grain size. To do that we study the thermal 
variation of the dielectric permittivity in a temperature window from 100 to 400 K and for 
frequencies ranging from 0.1 to 200 kHz and Figure IV-7 presents the materials response at 1 kHz. 
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Figure IV-7. Dielectric permittivity variation according to the temperature for a BST ceramic processed with SPS 
(300MPa, 750°C). 
Even though the dielectric permittivity is low (< 350) compared to bulk material reported in the 
literature (>10 000), a maximum can be observed. In contrary to the bulk, at this size range the 
transition from the paraelectric to the ferroelectric phase is broad and, as a result, the TCurie is more 
difficult to define precisely; in this case it was estimated at 180 K. 
In addition, at high temperature we observe the apparition of a slight conductivity. This is explained 
with the slight blue color from the reduced state of titanium after SPS, even if the sintering was 
achieved under air. This is due to a very high reactivity of the powders related to their nanozize. To 
make sure that this phenomenon does not impact the value of TCurie the ceramic was annealed ten 
hours at 700°C to eliminate oxygen vacancies. The annealing temperature is below the sintering one 
to prevent any grain growth. After this step, the ceramic recovers a white color confirming its 
reoxydation. 
To check that no grain growth occurs after the annealing at 700°C, we performed a SEM analysis of a 
fractured ceramic cross section. As shown in Figure IV-8, the average grain size remains close to 20 
nm. Only a slight growth of few grains can be observed due to aggregation and in terms. In of 
density, the annealing step at 700°C slightly increased it from 86 to 89 %. 
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Figure IV-8. HRSEM image (JEOL JSM 6700F at PLACAMAT) of the ceramic processed with SPS at 300 MPa, 750 
°C and annealed 10 hours at 700 °C. 
In Figure IV-9 we now compare the variation of the dielectric permittivity of the ceramic before and 
after the post thermal treatment. The position of TCurie did not change after the annealing, however 
the conductivity disappears confirming the efficiency of this reoxydation step. 
 
Figure IV-9. Effect of the annealing step at 700°C to reoxidize the ceramic. 
The dielectric permittivity value is also slightly higher after reoxydation which can be attributed to 
the increase in density. 
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This result allows to complete V. Hornebecq et al. study [88] (Figure IV-10) with an additional TCurie 
point at 180 K corresponding to Ba0.6Sr0.4TiO3 particles of 20 nm. We can see in Figure IV-6 that a 
very good agreement is obtained with the evolution reported by the authors. 
 
Figure IV-10. Variation of TCurie according to the particles size based on V. Hornebecq et al study [88] and 
complete with ours 
Figure IV-11 represents the thermal variation of the dielectric losses (tan δ) in the case of the 
ceramic annealed at 700°C. 
 
Figure IV-11. Loss (tan δ) variation according to the temperature for a BST ceramic processed with SPS 
(300MPa, 750°C) and annealed at 700°C. 
We can note that tan δ values are in the range of 0.02 to 0.04 for temperatures between 100 to 
400K and exhibit a good thermal stability. Such values are quite low considering the high density of 
grain boundaries and confirm that the macroscopic properties are not dominated by extrinsic 
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contributions. Indeed grain boundaries in nanostructured ceramics can be defect rich regions. This is 
in good agreement with the low permittivity values obtained which are not artificially raised by such 
extrinsic contributions. The stabilization of the losses in the overall temperature range can be 
highlighted. The maximum of losses (usually between 4 and 6%), occurring in the vicinity of the 
transition temperature in bulk BST, is not observed. This absence of a step the losses the thermal 
variations can be correlated to the specific ferroelectric domains configuration in ultrafine 
ferroelectric grains. Indeed, grains of 20nm size are not able to develop the formation of 90° 
ferroelastic- ferroelectric domains which are required to minimize the elastic energy resulting from 
the mechanical stress associated with the deformation of the unit cell at TCurie. As a result the domain 
walls present within the grains are those whose displacement contributes only to the polarization 
(180° domains) and considering the very small size of the grains, this contribution is rather low. The 
losses resulting from the domain walls motion in the ferroelectric state (below TCurie) are thus 
suppressed. Such a minimization of losses through domain structure engineering can be of 
considerable practical interest in many applications. 
Note that the peak observed at T = 273 K is related to residual water in the dielectric cell during 
cooling even the measurement. 
IV.1.2.5 Conclusion 
Using the SPS technology we were able to process nanostructured Ba0.6Sr0.4TiO3 ceramics made of 20 
nm grain size with a density value close to 86% just after SPS and 89 % after a post thermal 
treatment performed at a temperature lower to the sintering temperature. Raman and XRD analyses 
allowed confirming that the quality of the starting materials in terms of size and purity was 
preserved. However the Raman analysis also pointed out a structural variation that can be related to 
a complex competition between different strain and stress effects arising from surface properties, 
size and pressure applied during sintering. It also appears that even if the sintering was conducted in 
air, the ceramic is slightly reduced and an annealing step at 700°C enables to reoxydize it. Finally, the 
dielectric characterizations allowed to determine the Curie temperature, the obtained value 
complement the studies in literature and proves that even at 20 nm the ferroelectric transition can 
be observed. Even though the value of the dielectric permittivity is quite low (< 350) compared to 
the literature (> 10 000), this can still be high enough according to the type of application targeted. 
In addition, the broadening of the transition from the paraelectric to the ferroelectric phase is 
strengthen in terms of thermal stability of the material properties. Finally the dielectric losses are 
low and remain stable over all the studied temperature range. The inhibition of the maximum of 
dielectric loss values near TCurie reflects the minimization of domain walls contribution due to the 
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specific domain configuration in such nanometric grain size. These results emphasize the limited 
contribution of both extrinsic defects and domain walls motion to the dielectric response and valid 
the combination of the supercritical fluid synthesis and the Spark Plasma Sintering as a promising 
approach to perform functional nanostructured ceramics. 
IV.1.3 Pressure effect during SPS processing 
In the following part we are going to discuss the impact of the SPS processing parameters, especially 
the pressure, on the material’s structure and consequently its dielectric characteristics. 
IV.1.3.1 Materials and method 
Similarly to the previous part, all the experiments were conducted with the same starting material: 
Ba0.6Sr0.4TiO3 nanoparticles produced in supercritical fluids. Table IV-1 shows the experimental 
conditions we studied; all the parameters remain constant to the ones presented in the section 
IV.1.1, except the applied pressure. 
Table IV-1. Experimental conditions for the study of the pressure effect during SPS processing 
Experiment n° Pressure (MPa) Temperature (°C) 
Duration 
(minutes) 
1 300 
750 2 
2 350 
3 400 
4 500 
5 600 
These ceramics will be characterized in terms of density, structure and dielectric properties as a 
function of the applied pressure. 
IV.1.3.2 Density 
Figure IV-12 represents the HRSEM study of the fractured cross section of the ceramics processed at 
300, 400, 500 and 600 MPa where we can see that increasing the pressure the density of the ceramic 
tends to increase. 
Nevertheless, the metallization step prior to the analysis can affect the accuracy of the SEM analysis. 
To overcome this issue, first tests were performed on the ceramic sintered at 500 MPa with a JEOL 
JSM 7800F (at UMS Raimond Castaing) without metallization and at 2 kV. 
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Figure IV-12. HRSEM images (JEOL JSM 6700F at PLACAMAT) of the BST ceramics processed with SPS at 300, 
400, 500 and 600 MPa. 
As expected (Figure IV-13) this enables us to have an HRSEM image with a better resolution, 
confirming that the size of the Ba0.6Sr0.4TiO3 nanoparticles (16 ± 2 nm) was preserved during the 
sintering. Moreover, similarly to Figure IV-3, we can observe local areas where the particles 
aggregation led to a slight growth. 
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Figure IV-13. HRSEM images (JEOL JSM 7800F at UMS Raimond Castaing) of the Ba0.6Sr0.4TiO3 powder 
processed with SPS two minutes at 500 MPa and 750°C without metallization. 
Figure IV-14 presents the variation of the density according to the applied pressure during the SPS 
processing before and after the annealing at 700°C. 
 
Figure IV-14. Effect of SPS pressure and annealing at 700°C on the ceramics’ density. 
For each pressure a slight increase in density (1-3%) is observed after annealing.  The most 
noticeable impact of the pressure on densification lies between 300 and 400MPa: the density value 
increases from 86 to 91% without subsequent annealing and from 89 up to 93% after the thermal 
treatment. Note that this last value is quite high when considering nanostructured ceramics with 
grain size below 50 nm. However, increasing the SPS pressure from 400 to 600 MPa does not 
allowed a significant further density improvement. 
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IV.1.3.3 Structural analysis 
IV.1.3.3.1 Effect of pressure on material’s purity 
A superimposition of the XRD patterns corresponding to each SPS pressure condition is shown in 
Figure IV-15. 
 
Figure IV-15. XRD patterns of the BST ceramics processed at different pressures (from 300 to 600 MPa). 
Some shifts between the different patterns occur especially at 600 MPa but it is difficult to conclude 
unambiguously on that point. Indeed, increasing the SPS pressure, the pellets tended to broke in 
several pieces which is problematic in the case of XRD measurements since the surface to analyze 
becomes smaller. Moreover, considering this in the case of ceramics, the resolution is already not 
accurate enough to reasonably to go further in the structural analysis considering these patterns. 
However, this analysis enables us to confirm that no secondary phases are induced with SPS. Except 
in the case of the ceramic made at 400 MPa where we can see some carbon which is due to the 
graphite foil used during the SPS processing. Finally the width of the peaks remains similar 
confirming thus the absence of grain growth whatever the pressure applied. 
Figure IV-16 shows the XRD patterns of the BST powder obtained after grinding of the ceramics 
made at 300 and 600 MPa. They are still “noisy” due to the small amount of powder used. 
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Figure IV-16. XRD patterns of the BST powder from the ceramics made at 300 and 600 MPa then milled. 
We can see that the shift between the XRD patterns of the ceramics made at 300 and 600 MPa 
observed in Figure IV-15 is not anymore observed. Two hypotheses can be proposed: (1) a part of 
the stress within the material due to SPS and leading to a cell distortion, and so a peak shift, was 
released when the ceramics are crushed or (2) the shift was only due to an artefact of the 
measurement. No secondary phases are detected, only some traces of carbon contamination are still 
observed.  Finally, the absence of grain growth which is the most important feature is here 
confirmed. 
To go deeper in the structural characterization, we use again the Raman analysis which is not 
sensitive to the sample size. 
IV.1.3.3.2 Effect of pressure on material structure 
In Figure IV-17, we compare the spectra of the starting powder with the ones of the ceramics made 
at different SPS pressures. 
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Figure IV-17. Comparisons of the Raman spectra between the Ba0.6Sr0.4TiO3 starting powder and the ceramics 
made at different pressures 
Similarly to the Figure IV-5, the Raman spectra can be divided into 3 main domains; 100 - 420 cm-1, 
420 - 660 cm-1 and 660 – 1000 cm-1. For each applied pressure the spectra appear to be similar with 
the presence of a blueshift in the third area confirming the apparition of a compressive stress due to 
the SPS processing. However no significant evolution of this blue shift can be noticed when 
increasing the pressure. 
IV.1.3.3.3 Conclusion 
From the XRD analysis we can confirm that the SPS processing, at any pressure, does not change the 
purity and the grain size of the starting powder. From Raman analysis, it appears that the blueshift 
A1(LO3) peak at 730 cm
-1 towards 760cm-1 is observed for all the SPS ceramics but does not evolve 
significantly when the pressure is increased. 
IV.1.3.4 Dielectric characterizations 
The dielectric measurements were performed on the SPS ceramics annealed at 700°C for 10 hours in 
order to avoid the contribution of the conductivity (see section IV.1.2.4). Figure IV-18 shows the 
thermal variation of the dielectric permittivity according to the pressure applied during the SPS 
processing. 
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Figure IV-18. Variation of the dielectric permittivity response of the ceramics according to the pressure applied 
during the SPS processing 
Increasing the pressure during the sintering leads to two noticeable effects: (1) a decrease of the 
permittivity values despite the increase in density (Figure IV-19) and (2) a variation of the Curie 
temperature. The transition becomes broader when increasing the pressure (Figure IV-18) and the 
determination of the TCurie position is more difficult. This broadening is illustrated Figure IV-20 which 
is the superimposition of the linear regressions from the different dielectric curves (Figure IV-18), 
where the crossing angle between the two linear fits of each curve increases when increasing the 
SPS pressure. 
 
Figure IV-20. Superimposition of the fits of Figure IV-18 for determining the position of the TCurie. 
Reporting the TCurie as a function of the applied pressure during sintering (Figure IV-21) evidences an 
increase of the transition temperature from ≈ 180 K up to ≈ 207 K when the pressure increases 
respectively from 300 to 400MPa and then remains stable in a second regime from 400 to 600 MPa. 
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Such an evolution can be hardly compared to the studies in literature reporting on the pressure 
effect on TCurie. Indeed most of the studies refer to either BaTiO3 or SrTiO3 and concerns mainly 
crystals [75,267]. 
 
Figure IV-21. Variation of the TCurie according to the pressure applied during the SPS processing. 
In parallel the maximum of permittivity at TCurie can be plotted as a function of the applied pressure 
(Figure IV-22). 
 
Figure IV-22. Variation of Ɛmax according to the pressure applied during the SPS processing. 
Similarly to the Figure IV-21 two regimes can be distinguished, the Ɛmax values decrease up to a SPS 
pressure of 400MPa, and then stabilized with a further increase of pressure up to 600 MPa. As a 
result, the evolutions of TCurie and Ɛmax observed can be thus correlated. An assumption, 
schematically illustrated in Figure IV-23a, can be proposed: in the first regime when the applied 
pressure is increased from 300 to 400MPa, the stress induced can be considered as a competitive 
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external stress which stands the surface strain due to size effect, leading to a decrease of the 
paraelectric shell contribution and thus to an increase of TCurie. The remaining lateral strain forces the 
polarization along the direction of the applied pressure. As a result, because the electric field is 
applied in the direction parallel to the pressure (Figure IV-23b), the measured permittivity is lowered 
in a similar way than observed in crystals. At pressure values higher than 400 MPa a balance is 
reached between the external stress and the internal surface strain and a further increase of the 
pressure does not affect anymore both the permittivity and TCuries values. 
 
Figure IV-23. a) Effect of SPS pressure on long range polarization of the material through lowering of the 
paraelectric shell and b) direction of applied electric field during dielectric measurements. 
IV.1.3.5 Conclusion 
In this part we have shown that increasing the SPS pressure from 300 to 400 MPa enables to 
increase the density of the material from ≈ 86 % up to ≈ 91 % keeping the purity and the initial size 
of the starting powder. A further increase up to 600M Pa does not improve the density but the grain 
size remains close to 20 nm in the final ceramic. Whatever the applied SPS pressure the annealing 
step at 700°C not only enables the reoxydation of the material (conductivity is suppressed) but 
slightly increases the ceramics density. From a structural point of view, no obvious evolution as a 
function of the increased pressure was evidenced from both XRD and Raman investigations. 
However we highlight the impact of the SPS pressure onto the dielectric properties. Increasing the 
applied pressure during SPS lead to a broadening of the transition and to an increase of TCurie value 
from 180 K (300 MPa) up to 207 K (400 MPa). A further increase of pressure up to 600 MPa does not 
affect anymore the transition temperature. In parallel, the evolution of the maximum of dielectric 
permittivity as a function of the applied pressure during SPS can be correlated to the TCurie variation. 
As result we consider that the principal impact of the sintering pressure increase is to compensate 
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the surface strain induced by size effect. Such effect remains weak, that is probably why it is not 
observed with Raman analysis. 
IV.1.4 Grain size effect 
In this part, thermal treatments are performed on the ceramics in order to obtain grain growth and 
to probe the impact of such grain size increase on the dielectric properties. In particular the aim is to 
follow the evolution of TCurie. 
IV.1.4.1 Materials and method 
To do this we use the ceramic describe in the Table IV-1, made at 750°C and applying, for two 
minutes, a pressure of 300 MPa. The ceramic is annealed up to 1100°C with a heating rate of 
100°C/h, then is kept at this temperature for 10 hours before being cooled down to room 
temperature with a cooling rate of 100 °C/h. From the HRSEM image in Figure IV-24 we can observe, 
with this heat treatment, a grain growth from 20 to around 100 nm. 
 
Figure IV-24. HRSEM image (JEOL JSM 6700F at PLACAMAT) of the BST ceramic SPS processed at 300 MPa and 
annealed 10 hours at 1100 °C. 
IV.1.4.2 Structural variation and dielectric properties 
Raman analysis was performed in order to probe the structural variation induced by the post 
sintering thermal treatment. In Figure IV-25 we superimpose the Raman spectra of the Ba0.6Sr0.4TiO3 
raw ceramics from SPS, heat treated at 700°C and 1100 °C, in parallel the corresponding thermal 
variations of dielectric permittivity are presented. 
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In Figure IV-25a, as expected, before and after the annealing at 700°C, there are no visible variations 
in the structure. However, once the ceramic is heated up to 1100°C for 10 hours the Raman 
spectrum changes significantly: the peak at 175 cm-1 attributed to the orthorhombic phase is no 
more visible. Rather a negative peak is observed suggesting that the local symmetry is more 
tetragonal. This is in agreement with the increased intensity of the A1(TO) peak at 230 cm-1. In 
parallel the A1(LO3) band around 760cm
-1 attributed to asymmetric structure vanished reflecting a 
more cubic structure. We can thus conclude that the BST annealed at 1100°C (100nm grain size) 
exhibits at room temperature a less “distorted” cubic phase than the sample obtained just after SPS 
(or annealed at 700°C) with in addition the signature of local tetragonal symmetry. This can be 
explained by the effect of grain growth which suppresses the contribution of the strong surface 
strain observed in the ceramic made of 20 nm grains size. This is supported by the blueshift of the 
E(TO) and A1(TO) modes between 500-600 cm
-1 [265]. 
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Figure IV-25. a) Raman analysis of the ceramics made with SPS at 300 MPa each before the annealing at 700°C, 
after it and after a heat treatment at 1100°C, b) and c) corresponding dielectric curves and TCurie. 
In Figure IV-25b, the dielectric permittivity is drastically increased, the transition from paraelectric to 
ferroelectric phase becomes sharper and the TCurie is shifted towards higher temperatures. This 
behavior is in agreement with what we were expecting. Indeed, with a grain growth, we tend to 
reduce the surface strain due to the size effect. This is confirmed in Figure IV-25c with the data 
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reported by V. Hornebecq et al [88] (completed with our result for a grain size of 20 nm). According 
to this study such value of Tcurie ≈ 263 K corresponds to a value of grain size around 100 nm which is 
in very good agreement with the grain size deduced from HRSEM study. These results allow to 
confirm the grain size dependence on the Curie temperature in the specific case of Ba0.6Sr0.4TiO3. 
Contrary to BaTiO3, few studies report on the grain size effect in BST. 
IV.1.4.3 SPS pressure effect 
In order to highlight the effect of the pressure on the dielectric properties, a similar experiment was 
carried out on a ceramic sintered at 600MPa and the results were compared to those obtained for 
the 300MPa ceramic (Figure IV-26). 
 
Figure IV-26. a) and c) Raman analysis of BST ceramics processed with SPS at 300 and 600 MPa and annealed at 
700 and 1100 °C, b) and d) corresponding dielectric curves. 
From Raman analyses (Figure IV-26a and c) we can notice that the Raman spectra are similar for 
both ceramics. In Figure IV-26b and d, similarly to the 300 MPa ceramic, the dielectric permittivity of 
the 600 MPa ceramic is drastically increased and the transition from paraelectric to ferroelectric 
phase becomes sharper. Moreover, it is very interesting to note that the TCurie values, which were not 
the same for both ceramics at a similar grain size of 20 nm (180 K for the 300 MPa ceramics against 
207 for the 600 MPa one), become identical (260 K) after an annealing at 1100 °C. Indeed, for the 
600 MPa ceramic, after the 1100 °C annealing, the grains also have a size around 100 nm (Figure 
IV-27), meaning that in the latter case some residual structural strain was released. 
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Figure IV-27. HRSEM image (JEOL JSM 6700F at PLACAMAT) of the BST ceramic SPS processed at 600 MPa and 
annealed 10 hours at 1100°C. 
This confirms that the pressure applied during SPS can affect the structural distortion within the 20 
nm grain size. Nevertheless, when the surface strain is relaxed thought the grain growth such 
additional stress does not have any impact on the Curie temperature. 
IV.1.4.4 Conclusion 
An annealing performed at 1100 °C for 10 hours enables to grow the grain size from ≈ 20 to ≈ 100 
nm. However, based on Raman analysis we showed that it leads to important structural variations 
with the coexistence of both cubic and a more tetragonal phases. Dielectric measurements 
performed on the annealed ceramics exhibit an increase of the permittivity, a narrow phase 
transition from the paraelectric to the ferroelectric and a shift of the TCurie towards higher values. All 
these features are ascribed to a grain growth. After the thermal treatment and whatever the 
pressure initially applied during SPS, the ceramic grains size reaches  100 nm and the TCurie merge in 
a same value, confirming thus that the difference of TCurie observed in the 20 nm ceramics grains size 
is directly related to the external stress induced by the SPS pressure. Finally, the good agreement 
obtained between the data reported by V. Hornebecq et al study [88] and our results confirm the 
possibility to predict the TCurie according to the particles size in BST. 
IV.1.5 Conclusion 
In this part we showed that using SPS, we were able to process nanostructured Ba0.6Sr0.4TiO3 
ceramics keeping the starting particles size of ≈ 20 nm as well as the material purity with a density 
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ranging from 86 to 93 %. We demonstrated that, at such small grain size, the ferroelectric transition 
can be observed. The permittivity value is quite low (≈ 350) but a remarkable good thermal stability 
is obtained due to the diffuse character of the paraelectric-ferroelectric transition. In addition the 
dielectric losses remain stable and low all over the temperature range with in particular the absence 
of the maximum occurring usually at TCurie. Such features are interesting regarding the aimed 
applications. Adjusting the pressure applied during SPS enables a further control of the dielectric 
parameters with in particular the possibility to increase TCurie while decreasing the permittivity when 
the SPS pressure is increased. In a first approximation, such evolutions can be related to a 
competitive effect between the size effect on the intrinsic properties due to the surface strain and 
the external compressive stress. However further work is needed to confirm this assumption. Finally 
we showed that the TCurie can also be tuned by increasing the ceramic grain size through post 
thermal annealing. Our results have allowed not only to confirm but also to complete previous 
results in literature devoted to grain size effect in BST. 
In the next section we are going to study the processing BTZ nanoparticles produced in supercritical 
fluids into ceramics and their ferroelectric / relaxor properties. 
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IV.2 BTZ ceramics 
The objective of this part is to prove the accuracy and the reliability of the supercritical fluid 
synthesis in terms of control of composition when applied to the solid solution BaTi1-yZryO3 (with 0 ≤ 
y ≤ 1). The strategy is to compare the ferroelectric properties obtained on the ceramics performed 
using our powder with those reported in literature. To this aim we select two compositions x = 0.15 
and 0.3 for which the dielectric properties are supposed to change from ferroelectric to relaxor 
behavior [268]. Through the determination of both TCurie and Tm the dielectric characterizations will 
be used as a macroscopic probe for the composition. In this part it is important to note that the aim 
is different from the BST study as our objective is not to keep the initial nanometric grain size but to 
characterize the ferroelectric behavior according to the composition and independently of any size 
effect. 
IV.2.1 Materials and method 
To fulfill this objective, the most suitable and the simplest way to perform ceramics is to use the 
“conventional process” (see section II.3.1.1.1). Raw pellet were pressed under an uniaxial pressure 
and then sintered in air in a furnace. From the literature it appears that the BTZ ceramics are usually 
sintered at temperatures ranging between 1200 - 1900°C and for 4 to 8 hours [81,85,253,269,270]. 
The BTZ nanoparticles sizes we produced in supercritical fluids are very small (≈ 15 ± 3 nm) and 
present a high surface reactivity. We thus estimate that a lower sintering temperature may be 
sufficient to reach a correct densification. In our case, after a dwell of one hour at 450°C to burn the 
binder we chose to perform a dwell time of 4 hours at 1200°C for both compositions. The heating 
rates were 100°C/hour to reach the 450°C plateau then increased up to 200°C/min to reach the 
second one at 1200°C and the cooling rate was 200°C/min to reach room temperature. 
IV.2.2  Ceramics characterization 
IV.2.2.1 Density and purity 
The densities of the obtained ceramics were close to only 65% for each. Considering such high level 
of porosity, the dielectric characteristics will not be discussed in terms of permittivity values in this 
section. However the transition temperature being an intrinsic parameter, independent on the 
density of the ceramic, we will focus on the determination of ferroelectric and relaxor behaviors. 
Figure IV-28 shows that the peak positions did not change between the starting powder and the 
ceramic confirming that the phase compositions were preserved. In addition we can see that the 
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widths of the peaks for the ceramics are thinner indicating that, as expected, a grain growth 
occurred during sintering. 
 
Figure IV-28. XRD patterns of BaTi0.85Zr0.15O3 and BaTi0.7Zr0.3O3 powders and ceramics sintered at 4 hours at 
1200°C. 
However, in addition to the sample holder peaks, we can observe few weak extra peaks, especially 
at 29°. This extra phase was difficult to identify but appears to be a rich barium and titanium phase. 
This secondary phase being in minority we chose to go further into the ceramic characterization. 
IV.2.2.2 Microstructure 
IV.2.2.2.1 Microstructure of the sintered ceramic 
The ceramic microstructures were investigated by SEM using secondary electrons detectors. 
Whatever the composition, inhomogeneous microstructures were observed (Figure IV-29). 
In both cases, in addition to a grain growth from the initial nanosize up to the micrometer scale, 
exaggerated anisotropic grain growth is evidenced. This phenomena is more pronounced when 
increasing the zirconium content (case of y = 30). These anisotropic grains are randomly oriented 
throughout the ceramic and their dimensions can be estimated as 1 µm wide and tens µm length. 
This observation is surprising considering that no significant extra phase was detected by XRD after 
sintering. In addition such microstructure evolution in BTZ was never reported in literature. 
Backscattered electrons detector was thus used to probe the change in chemical composition 
through the sample. 
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Figure IV-29. SEM images (JEOL 6360A at ICMCB) of the BaTi0.85Zr0.15O3 and BaTi0.7Zr0.3O3 ceramics sintered at 
1200 °C. 
IV.2.2.2.2 Chemical composition of the sintered ceramic 
The use of backscattered electrons, from which the energy depends on the nature of elements 
exposed to the electron beam, enable a chemical analysis of specific areas of the ceramic cross 
section, giving more local information than XRDs. Indeed, the darker zones correspond to lighter 
elements. 
Using this analysis (Figure IV-30), we can see that the anisotropic grains do not seem homogeneous 
in composition. Referring to the chemical contrast, the edges of these anisotropic grains should 
correspond to a barium - richer phase compared to their center which appear darker. This 
qualitative observation implies different migration rates between the cations involved in the 
diffusion process occurring during the sintering, in particular a slower migration of Zr4+ and Ti4+ in 
comparison to diffusion of the alkaline-earth cation. Such diffusion -related phenomena can be 
assimilated or compared to the Kirkendall effect which, in addition, is known to be favored by the 
presence of defects [271]. The amount of defects is greater in the initial powder when increasing the 
zirconium content and as observed the effect is enhanced for the BaTi0.7Zr0.3O3 ceramic. 
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Figure IV-30. Backscattered electron images (JEOL 6360A at ICMCB) of the BaTi0.85Zr0.15O3 and BaTi0.7Zr0.3O3 
ceramics sintered at 1200 °C. 
To go deeper in the chemical analysis of the ceramics energy-dispersive X-ray spectroscopy (EDS) 
cartography of the BaTi0.7Zr0.3O3 ceramic was performed (Figure IV-31). 
 
Figure IV-31. EDS cartography (JEOL 6360A at ICMCB) of the BaTi0.7Zr0.3O3 ceramic sintered at 1200 °C. 
From these images we can see that the overall composition appears homogeneous, however, this 
does not enable to get more precise information about an eventual composition gradient within the 
anisotropic grains. Indeed, when we compare the resolution of the analysis (1 μm3) to the width of 
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the anisotropic grains around 1 μm, it is not accurate enough to be able to conclude. In addition, the 
energy of the photon collected for the barium and titanium being very close it is not possible to 
quantify both elements. 
In conclusion, even if we observe the presence of inhomogeneous anisotropic grains (1 μm wide and 
tens μm long) randomly oriented throughout the ceramic, the overall compositions of the ceramics 
tend to be homogeneous. An additional indirect way to probe the chemical composition is to 
perform dielectric measurements as the transition temperature is very sensitive to the composition. 
Then, comparing the values to the literature, we will be able to see if the presence of anisotropic 
grains has an impact on the ferroelectric / relaxor properties. 
IV.2.2.3 Dielectric characterizations of the ceramics 
From Figure IV-32 we can distinguish two different behaviors according to the composition; the 
ceramic corresponding to y = 0.15 exhibits a ferroelectric behavior with a TCurie ≈ 335 K independent 
of the frequency while the ceramic corresponding to y = 0.30 behaves as a relaxor with Tm ≈ 295 K at 
100 Hz. 
 
Figure IV-32. Dielectric measurements of the BaTi0.85Zr0.15O3 and BaTi0.7Zr0.3O3 ceramics sintered at 1200 °C. 
Comparing these values to the literature we can note that TCure (when y = 0.15) has the expected 
value, whereas, Tm (y = 0.30) is slightly higher than expected [253,272]. However for this case, it is 
important to underline the spreading of values of Tm reported in literature, ranging from 220 to 270 
K. However the higher Tm value obtained in this work might be related to the presence of these 
inhomogeneous anisotropic grains, it is thus necessary to deeply investigate their formation and 
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composition, especially for the higher zirconium content composition (BaTi0.7Zr0.3O3) for which the 
impact on the dielectric properties is the most visible. 
IV.2.3 Study of anisotropic grains formation 
To better understand the complex microstructure of the studied ceramics, we focused on 
BaTi0.7Zr0.3O3 for which the effect is more pronounced. The first experiment consisted in an increase 
of the sintering temperature up to 1400°C, keeping the other sintering parameters constant, in order 
to favor this anisotropic growth and identify more precisely the occurrence of extra phases by XRD. 
As expected, in Figure IV-33a we can clearly observe this secondary phase were the peak at 29°, 
previously identified, is the most intense one. This is indeed a phase reach in barium and titanium 
which can be identified as BaTi2O5, Ba2TiO4, BaTi6O13, Ba2Ti9O20, etc. Moreover, a zirconium oxide 
phase starts to appear. In addition, we can note on the SEM images in Figure IV-33b and c that the 
anisotropic grains are still present for the ceramic sintered at 1400°C. 
 
Figure IV-33. a) XRD analysis of the sintering effect temperature on BaTi0.7Zr0.3O3, b) and c) SEM images (JEOL 
6360A at ICMCB) of the BaTi0.7Zr0.3O3 ceramic sintered at 1400 °C. 
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This experiment gives us some insights concerning the composition of the anisotropic grains. Indeed, 
we saw in Figure IV-30 (ceramic sintered at 1200°C) that the sides of the anisotropic grains were 
brighter; this can be associated to the barium and titanium rich phases, the barium being the heavier 
element. The center which is darker would thus be associated to the zirconium oxide one. 
The next step of this investigation is to modify the cooling rate since crystallization process can be 
favored during the cooling step. We thus proceed to a quenching in an ice bath of a ceramic sintered 
at 1200°C in order to check if the growth of the elongated grains could be avoided. We decided to 
not lower the sintering temperature in order to keep as much as possible all the others parameters 
constant. In addition, the density of the ceramic being already very low at 1200 °C (≈ 65%), a further 
decrease in sintering temperature would have been detrimental regarding densification. 
Unfortunately, we can observe on the SEM images from Figure IV-34 that this anisotropic growth still 
occurs. 
 
Figure IV-34. SEM image (JEOL 6360A at ICMCB) of the BaTi0.7Zr0.3O3 ceramic sintered at 4 hours at 1200 and 
quenched. 
The conventional process does not seems to be the most suitable for sintering the BTZ 
nanoparticles, we thus decided to change drastically the sintering kinetics and use fast sintering 
processes. Again, we used spark plasma sintering (SPS), which enables to significantly shorten the 
sintering cycle (dwell of few minutes, high heating and cooling rates) compared to conventional 
sintering and thus to limit the diffusion processes. For this, we used the apparatus available at 
ICMCB, a Dr. Sinter 515S machine.  
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In this experiment the heating rate was 100°C/min and a pressure of 100 MPa was applied three 
minutes at 1200°C before cooling down switching off the electric current. This enables both, fast 
heating and cooling. In addition the sintering was performed under vacuum and the 8 mm die was in 
graphite. 
First of all a drastic improvement of density was obtained using SPS, indeed the density was 
estimated at 90 %. From the SEM images Figure IV-35 we can observe a very homogeneous 
microstructure without abnormal grain growth. However, the ceramic is made of fine grains with an 
average size below 200nm. Nevertheless, the poor resolution does not enable us to have a more 
precise value of the grains size. To improve this it would be necessary to use a HRSEM. 
 
Figure IV-35. SEM image (JEOL 6360A at ICMCB) of the BaTi0.7Zr0.3O3 ceramic sintered with SPS (3 minutes at 
1200°C and 100 MPa). 
If we check the purity of the ceramic using XRD (Figure IV-36), we can confirm that there are no 
extra phases and a slight grain growth since the width of the peaks is narrower. 
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Figure IV-36. XRD pattern of the BaTi0.7Zr0.3O3 powder (black) ceramic (blue) sintered with SPS (3 minutes at 
1200°C and 100 MPa). 
Now that the ceramic does not present any anisotropic grains we can measure the dielectric 
properties of the ceramic (Figure IV-37) which, similarly to the BST study, might be affected by the 
particles size effect. Prior to this an annealing step in air at 1000°C was performed in order to 
reoxidize the ceramic. The annealing temperature is higher than for BST since BTZ starting powder 
presents more defects which can be trapped during the SPS processing due to carbon contamination 
(see section III.3.3.2). 
 
Figure IV-37. Dielectric measurement of the BaTi0.7Zr0.3O3 ceramic sintered with SPS (3 minutes at 1200°C and 
100 MPa). 
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As expected, a relaxor behavior is observed, with a Tm  270 K at 100 Hz which is in better 
agreement with the values reported in literature. Nevertheless, compared to ceramic conventionally 
sintered, the transition is broader and the permittivity decreased, despite a higher density in this SPS 
ceramic. These features can also be ascribed to a size effect. Few studies are reported in literature 
on the influence of the grain size on BTZ, it thus difficult to conclude on a possible relation between 
the grain size and the change in temperature Tm. However, the observed grain size by SEM is 
believed to be above a critical size regarding the transition temperature. 
IV.2.4 Conclusion 
In this study we were able to confirm, through the ferroelectric / relaxor properties, that our 
supercritical fluids synthesis of BTZ was accurate. Moreover, based on XRD and EDS cartography, the 
overall ceramic appeared to be homogeneous, however, using backscattered electrons, a complex 
microstructure made of anisotropic grains and local inhomogeneity can be observed. The edges of 
the anisotropic grains present a barium and titanium rich phase and the core a zirconium rich one. 
This can be linked to the high reactivity of the powder due to its initial nanosize, together with –OH 
defects (observed in the Chapter I) creating vacancies and thus diffusion pathways. Adjusting the 
kinetics by using fast sintering processes such as SPS was shown to be efficient for both the 
improvement of densification and the limitation of diffusion process leading to solid state reaction 
or crystallization process. From this we can conclude that, even if the composition can be controlled 
in all the solid solution, further improvement of the synthesis would imply to lower the amount of 
defects which become critical during the ceramic sintering. In addition in the BTZ system the 
reactivity of the powder seems to be critical during the sintering and the kinetics of the thermal 
treatment is a key point to avoid the formation of secondary phases. 
In the next part we are going to expose the preliminary work performed on hybrids materials 
  
Ceramics and hybrids processing and characterizations 
181 
 
IV.3 Hybrids materials 
In this section we expose a preliminary work, in collaboration with Dr. I. Bord-Majek and M. Wade at 
the institute of Integration Materials to System in Bordeaux (IMS - CNRS) and with Prof. R. Jakoby, 
Dr. Yuliang Zheng and L. Donghang, in order to see if it is possible to measure the dielectric 
properties of a composite at high frequency using an Inter Digital Capacitor (IDC) structure (see 
section II.3.2). 
IV.3.1 Materials and method 
We dispersed BaTiO3 nanoparticles we produced using the supercritical fluids technology in a 
polyester matrix. The ratio of BaTiO3 nanoparticles over the polyester was 30 wt %. The mixture was 
then sonicated 30 minutes in order to have a homogeneous dispersion. The composite is then 
screen printed on a glass substrate where the gold IDC structure is patterned. 
We chose this particle loading in order to keep a good processability of the composite while 
increasing the starting polymer dielectric properties. 
Figure IV-38a shows the IDC structure used which is made of four fingers with a 30 micron gap 
between each. The four fingers are similar with a width of 30 micron and a length of 1170 micron. 
 
Figure IV-38. a) Picture of the IDC structure, b) picture of the IDC structure with the composite. 
In Figure IV-38b, we can note that the composite layer is well aligned with a free space to make the 
measurements. However we can see that the composite presents roughness and is not 
homogeneous but we can use it to see if the measurement procedure is suitable. 
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IV.3.2 Characterization 
Because we study the stability of our composite at high frequency, the measurements are thus 
performed at a constant temperature (room temperature) for frequencies ranging from 1 up to 10 
GHz. Measuring the capacitance of the IDC and knowing the dielectric constant it is then possible to 
extract the real part of the composite permittivity using a model developed by Igreja et al. [273]. 
In Figure IV-39 we compare the variation of the dielectric permittivity of the BaTiO3 / polyester 
composite with the theoretical value of the polyester which is around 3. 
 
Figure IV-39. High frequency measurement of the BaTiO3 / polymer composite. 
We can see that we double the permittivity of the starting polymer and the value remains stable 
from 1 up to 10 GHz. From this measurement it is possible to calculate the quality factor (Q) of the 
capacitor (equation (23)). 
𝑄 =  
1
𝜔. 𝐶. 𝑅
 (23) 
Where ω is the angular frequency and C is the capacitance of the structure with the composite and R 
is the series equivalent resistance. If the quality factor is above 80 - 100 it means that the material 
has a difference between its dielectric permittivity and its losses suitable for integration. In Figure 
IV-40 is presented the quality factor variation of the IDC structure with the composite. 
We can see that up to 2 GHz, the quality factor is good enough however, with a further increase of 
frequency, the value drops to 20 for 10 GHz. 
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Figure IV-40. Variation of the IDC quality factor. 
IV.3.3 Conclusion 
In this section we were able to demonstrate the suitability of the composite characterization 
strategy, nevertheless the value of dielectric permittivity remains quite low even if the quality factor 
is good up to 2 GHz. 
The next step will be to focus on the composite elaboration and deposit. Indeed, we saw in Figure 
IV-38b that the dispersion was not homogeneous and the particles were aggregated. To improve this 
it is necessary to work of the particles surface functionalization which will prevent the aggregation 
and favor the dispersion in the matrix. This will enable to improve the dielectric permittivity of the 
composite. Moreover, to further improve the permittivity, it will be necessary to work on the 
particles loading and the nature of the polymeric matrix. 
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IV.4 Conclusion of Chapter 4 
Across this chapter we processed and characterized different types of materials. First we studied the 
intrinsic properties of the Ba0.6Sr0.4TiO3 nanoparticles produced in supercritical fluids using SPS which 
enabled us to make dense ceramics keeping the starting grains size. We were able to demonstrate 
that even at 20 nm the Ba0.6Sr0.4TiO3 still presented ferroelectricity. Nevertheless, due to the size 
effect, the transition from the ferroelectric phase to the paraelectric one was broad. Moreover, TCurie 
was lower than the bulk but in agreement with V. Hornebecq et al. study [88]. We were also able to 
demonstrate the effect of SPS processing, especially the applied pressure, which can balance the 
contribution from the paraelectric shell. 
In a second part we focused on ceramics made with BTZ nanoparticles and evidenced the accuracy 
of the synthesis through the bulk ferroelectric / relaxor properties. However we observed the 
apparition of local inhomogeneity through the growth of anisotropic grains. The phenomenon is 
related to the high reactivity of the nanopowders and to the presence of –OH defects in the starting 
powder, crating vacancies and thus diffusion pathways ionic diffusion. It is thus necessary to 
optimize the powder synthesis prior to their processing in order to reduce these defects and thus 
the creation of anisotropic grains. 
Finally we validated our composites characterization procedure using IDC structure basing our 
demonstration on a BaTiO3 / polyester composite. Nevertheless the dielectric permittivity remained 
low, now that we can properly characterize the composite, the next step is to improve their 
properties improving the particles dispersion through surface functionalization and varying the 
amount of particles or the nature of the matrix. 
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In the context of producing more compact and multifunctional devices, electronic industries have to 
face new challenges. Passives components and more precisely capacitor being space consuming 
their size have to be reduced while increasing their volume efficiency. In the case of capacitors such 
as MLCCs, to achieve this they have to decrease the dielectric layers thickness and thus use high 
quality BaTiO3 nanoparticles (tens of nanometers) with a narrow size distribution. However using 
conventional production routes such as solid state or sol-gel syntheses, it is not possible to meet 
these expectations. 
It is thus necessary to develop other synthesis processes and across this PhD work we were able to 
highlight the strength of the supercritical fluid technology for this specific need: 
 We first focused on the study of high quality BaTiO3 based nanoparticles formation in 
supercritical fluids: 
 In the case of BaTiO3, using conventional ex situ analyses such as XRD, FTIR, Raman, 
TEM and XPS we were able to fully characterize the nanoparticles at different levels. With XRD 
and TEM we proved that the particles were monocrystalline. With Raman spectroscopy we 
evidenced the coexistence of a tetragonal phase with cubic one. This was in agreement with the 
core shell theory developed to explain the size effect on the crystalline structure. In additions we 
observed a Ti off centering due to the surface strain at this scale. Adding the FTIR and XPS 
analyses to the Raman one we were able to identify the presence of structural and surface –OH 
defects. 
 Then, we were able to extend the synthesis procedure and powder characterizations 
towards both BaTiO3 – SrTiO3 and BaTiO3 – BaZrO3 entire solid solutions. This was especially 
interesting since, to our knowledge, we were the first to demonstrate the synthesis of the entire 
BTZ solid solution in supercritical fluid conditions and the second among all studies, based on 
different synthesis routes, reported in the literature. 
 Finally, we combined the different conventional ex situ powder characterization 
techniques listed above with in situ synchrotron WAXS analyses in order to follow in real time the 
formation of BaTiO3 based nanoparticles in supercritical fluid conditions. From this we were able 
to propose a growth mechanism where the amount of surface –OH drives the particles growth. 
This statement was verified in both solid solutions even though, in the BTZ case, the growth 
kinetics also play a preponderant role. 
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 Once the formation mechanism of the BaTiO3 based nanoparticles in supercritical conditions 
was identified we produced them in a larger scale for processing them into ceramics and 
characterize their ferroelectric properties: 
 Through the example of Ba0.6Sr0.4TiO3 and using SPS we first evidence the processing of 
these nanoparticles into dense and nanostructured ceramics with a density up to ≈ 95 % and 
keeping the starting grains size. This enabled us the study the intrinsic ferroelectric properties 
of the Ba0.6Sr0.4TiO3 nanoparticles at the nanoscale. We thus proved the existence of a broad 
ferroelectric transition even for 20 nm size nanoparticles. Nevertheless the measured TCurie was 
lower than the bulk (180 K instead of 300 K) which completed V. Hornebecq et al. study [88]. 
Finally, we evidenced the SPS pressure effect which can balance the paraelectric shell 
contribution on the ferroelectric properties. 
 Concerning the BTZ, making ceramics with the conventional process enabled us, on one 
hand, to confirm the accuracy of the synthesis in terms of stoichiometry through the 
ferroelectric / relaxor properties of BaTi0.85Zr0.15 O3 and BaTi0.7Zr0.3O3. However, on the other 
hand, we saw that the presence of –OH defects in the produced powders opening pathways for 
the ionic diffusion, leading to the formation of anisotropic grains. We were able to prevent their 
formation using SPS which is a sintering process well known for limiting the ionic diffusion. 
Nevertheless it would be very interesting to optimize the BTZ supercritical fluid synthesis in 
order to lower the presence of -OH defects and thus enable a homogeneous sintering with 
conventional methods. 
 Finally, through the example of BaTiO3 nanoparticles produced in supercritical fluids and 
dispersed in a polyester matrix, we were able to demonstrate that the choice of an IDC structure for 
determining the dielectric properties of a composite at the GHz range was suitable. At this point the 
dielectric permittivity of the composite remains low but stable up to 10 GHz. This stability is directly 
related to the intrinsic properties of the produced particles which present a broad ferroelectric to 
paraelectric phase transition. 
This last point is very interesting as it opens new perspectives to the TU Darmstadt – Bordeaux 
University collaboration. Indeed, the work of the PhD to understand the formation of BaTiO3 based 
nanoparticles produced in supercritical fluids and characterize their intrinsic ferroelectric properties 
was an essential step prior to the development of hybrid nanocomposites. Now that this part is 
achieved it would be interesting to focus on the composite formulation such as the composition and 
amount of inorganic nanoparticles we disperse, the homogeneity of the dispersion through surface 
General conclusion 
191 
 
functionalization and the nature of the polymeric matrix. This would enable to get closer to the final 
aim which is the integration of these dielectric nanocomposites into PCBs. 
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